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ABSTRACT 
DEVIN K. HUBBARD: The use of Dielectric Absorption as a Method for Quantifying 
and Qualifying Dielectric Materials in Capacitors. 
(Under the direction of Robert G. Dennis, Ph.D.) 
 
 Dielectric absorption (soakage) is a phenomenon wherein the stored electric field 
within the dielectric of a capacitor will cause the plates of that capacitor to recharge 
despite having been fully discharged. Recently Cosmin Iorga proposed a mathematical 
model describing dielectric absorption as an infinite sum of decaying exponentials
5
. We 
have expanded on the definition put forth by Iorga and have proposed a model for two 
capacitors arranged in parallel. We examine the effect of electrical short time (ts), charge 
voltage (Vc), capacitance (C), and dielectric material on maximum absorption signal and 
the average time constant of the absorption signal (t68%). While our results are consistent 
with those of Iorga, we did observe some divergent behavior for ts > 10 seconds. Our 
examination suggests the possibility of using dielectric absorption as a method for sensor 
applications to be used in addition to current analytical techniques for characterizing 
dielectric materials.  
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Background and Introduction: 
 Dielectric absorption, also referred to as soakage or dielectric relaxation, is a non-
linear, non-ideal effect in capacitors wherein electric field stored on the dielectric 
material results in a gradual recharging of the capacitor some time after the capacitor has 
been shorted or fully discharged
8,9
. In a capacitor, current scientific theory suggests that 
the dielectric material acts to set up an electric field that opposes the electric field that is 
placed between the two plates of a capacitor. As a result, the dielectric in effect ―cancels‖ 
the external field to some extent, resulting in a net increase in the amount of charge that 
can be built up on a capacitor plates. By definition, capacitor dielectric materials must be 
insulators to prevent charge from leaking from one side of a capacitor to another (self-
discharge). As a direct consequence of exhibiting suitable electrical insulating ability, 
dielectrics tend to be poor conductors of charge within their structure and typically 
disperse charge on their surface.  Charge redistribution on and in a dielectric is much 
slower than in good conductors resulting in a slower change in field condition. If a 
capacitor is not completely discharged for a sufficient length of time, the electric field set 
up in the dielectric material can pull charge back on to the plates of the capacitor once the 
Ohmic load or short circuit condition is removed, resulting in what is most often an 
undesirable recharging of the capacitor. Since the ability of each material to redistribute 
charge depends on its bulk and surface properties, it follows that every dielectric material 
should have unique relaxation behaviour. 
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 According to Iorga, the dielectric absorption current onto a capacitor can be 
modeled by an infinite sum of decaying exponential currents according to: 
                 
   
  
       
 
  
          (1) 
Where the resulting voltage on the capacitor is described by: 
       
       
 
 
  
  
      
   
  
          
 
  
          (2) 
In this method of modeling dielectric absorption, the electric field set up in the dielectric 
is described as being manifest in ―compartments,‖ each having its own unique decay rate 
(  ). The return (absorption) current onto the capacitor is a function of the initial current 
in each compartment (   ), the length of time that the capacitor is shorted (tsc), and the 
length of time (t, which we will refer to as read time tR) that has elapsed since the 
shorting period. The dielectric absorption voltage is derived from the return current and is 
a function of the capacitance (C); the initial voltage applied to the capacitor, which is 
designated as the charge voltage (Vc); the voltage achieved at the end of the short-circuit 
discharge of the capacitor, which is designated as the short voltage (Vs); and the internal 
impedance of each compartment (Rj). Unfortunately in the Iorga model, there is no way 
to determine the number of compartments for any given capacitor and therefore one may 
only estimate the actual functions that are described. Model equations of the type (1) and 
(2) are classically ill conditioned
1,3,4,7,11
 because fitting them is difficult without knowing 
the number of compartments prior to fitting. Iorga put forth a successive subtraction 
method that uses asymptotic estimations to successively remove the slowest 
compartments (i.e. those which have the largest time constant) from the natural logarithm 
of the global function
5. Iterative methods such as Iorga‘s tend to fail after one or two 
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iterations due to successive noise amplification which causes instabilities in the 
estimation of asymptotes. Holmstrom et al. point out that when using iterative methods 
(which Holmstrom calls graphical methods), if one does a series of Taylor expansions 
and logarithmic transformations that one will see clearly that, any component 
characterized by a small amplitude and large time constant will be distorted by a large 
factor
4
. 
 Other methods for fitting such equations have been used widely in atmospheric 
sciences to model radiative transmission
11
. More sophisticated methods for modeling 
sums of exponential decays typically make use of inverse-Laplace transforms or a 
derivative of non-linear least squares regression (NLLR)
3,10
. Literature has reported poor 
success of transform methods in general—particularly the inverse Laplace transform4. 
Least squares methods offer more promising fits than iterative methods because they 
attempt to fit the entire curve at once rather than just find an asymptote—making them 
less sensitive to noise and allowing up to four or five iterations to be made before the 
method begins to fail. However, an estimation of the number of compartments must be 
made prior to actually beginning a NLLR method. Furthermore, initial values must be 
given to NLLR methods in order for any convergence to occur. Even with aptly chosen 
initial conditions, convergence is not guaranteed, and special constraints must be made to 
prevent negative and imaginary coefficients. However, the problem that complicates any 
least-squares method is the problem of finding the global minimum of the least-squares 
fit. Since the problem is so ill conditioned, there is no way of absolutely ensuring 
convergence of the model to the global minimum error. Warren Wiscombe published 
work on atmospheric radiant transmission functions wherein an effective model based on 
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an iterative method of adding and removing terms followed by a non-linear least-squares 
regression method to deduce the global minimum solution to a sum of decaying 
exponentials—his method reports the ability to accurately model (0.01% to 0.001% error) 
as many as 8 compartments on known functions of decaying exponentials
1,11
. 
Holmstrom presents several other methods for exponential sum fitting, but points 
out that it is imperative to have good methods for choosing starting values (he suggests 
using geometric methods which he presents). Holmstrom also points out that in solving 
the sum of exponentials problem, one is faced with the challenge that a simple method 
will give fast results, but poor resolution—while more accurate methods tend to require 
more computing time and power. Hence qualifying exponential sum terms is a 
challenging endeavor and we approach this problem by describing simple characteristics 
of the curve derived from the data in an attempt to show that there is a relationship 
between dielectric material and dielectric absorption characteristics.  
Definitions and Derivations: 
We have decided to use five metrics to describe dielectric absorption in different 
materials: dielectric memory (ξ), maximum recharge voltage (Vmax), the first time at 
which voltage reaches 68% of the maximum recorded value (V68%), the length of time it 
takes to reach 68% of the maximum voltage (t68%, or average time constant), and the 
leakage (VL –or the difference between the Vmax and the final absorption voltage, Vf). 
Each of these metrics is monitored for different charging and discharging patterns. The 
adjustable parameters used were the shorting time (ts), charging time (ts), the reading time 
(tR), the charge voltage (VC), number of charge/discharge cycles (n), and dielectric 
material. 
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We define the dielectric memory as the difference between subsequent Vmax 
values between charge cycles: 
Dielectric Memory (ξ) ≡ Vmax(n) – Vmax(n-1)    (3) 
 Dielectric memory describes the propensity of the dielectric material to 
―remember‖ previous charging cycles. While Vmax describes the severity to which a 
dielectric will cause charge to return on to the capacitor in question. We define V68% as: 
 V68% = V(t68%) = (0.68)*(Vmax)      (4) 
 We use the V68% and the t68% as a metric to describe the rate at which charge 
soaking occurs. Finally we define the leakage of a capacitor as: 
 VL= Vmax – Vf         (5) 
Which describes the propensity of poor dielectrics (such as paper in oil) to conduct 
charge, therefore contributing to a slow self-discharge of the capacitor which would 
manifest itself as a slowly decreasing voltage on the capacitor after it has been charged 
and the voltage/current source removed. 
 An explicit equation for Vmax can be found by taking the limit of equation 2 as 
the read time goes to infinity: 
 Vmax =            
       
 
 
  
  
      
   
  
          (6) 
Which for Vs = 0: 
 Vmax = 
    
 
 
  
  
      
   
  
            (7) 
From which one can then determine the t68% by substituting V = 0.68*Vmax into equation 
2 and simplifying to arrive at: 
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 (8) 
Which, for a one compartment system collapses to provide an expression for the time 
constant for the major contributing compartment (τm): 
      
    
        
                (9) 
 Thus, the t68% can be derived from the weighted average of the decay functions of 
the absorption voltage. 
According to equation 2, the absorption signal can be thought of as 
compartmentalized. Additionally, the model is derived from the assumption that each 
soakage compartment is in parallel with the next—it is also assumed that no current 
passes between compartments and that the absorption signal does not affect itself (which 
implies linear superposition in capacitance). We seek to extend the definition of Iorga to 
apply to more general situations wherein a capacitor is in parallel with a second, but with 
differing dielectric material. One can extend Iorga‘s definition by first considering two 
capacitors with charge energy stored in them that will manifest itself in the form of 
electrical potentials V1 and V2 for capacitors C1 and C2. If the capacitors are initially 
separated by a switch then their respective initial voltages are V1 and V2. When the 
switch is thrown, the two capacitors are voltage clamped and the final voltage on each 
capacitor rises according to the total charge in the system (Figure 1): 
q1 = C1V1          (10) 
and, 
q2 = C2V2 (11) 
so the total charge before the switch is thrown is: 
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Q = q1 + q2 = C1V1 + C2V2         (12) 
But since the capacitors are voltage clamped when the switch is thrown 
Q = Vf (C1 + C2)         (13) 
Where Vf is the final voltage across the capacitors. Thus, 
C1V1 + C2V2 = Vf(C1 + C2)        (14) 
Or, 
Vf = 
         
     
          (15) 
In order to apply equation 15 to a system of parallel capacitors one must imagine that 
after a capacitor is charged and then discharged, there is a certain amount of energy still 
set up in the internal electric field within the dielectric. Since the electric field in a 
dielectric material is set up as a bulk polarization of the molecules, the rate at which the 
field decays in the absence of an external electrical field is typically slower than rate at 
which the external electrical field can be removed. As a result, when a capacitor is 
shorted briefly so as to rapidly drive the external field to ground, the internal field on the 
dielectric does not immediately decay. The remaining internal field in the dielectric 
induces a potential on the plates of the capacitor once the Ohmic load or short condition 
is released. The effect of the induced potential by the decaying internal electric field of 
the dielectric is termed dielectric absorption (or soakage). Assuming that the plates of the 
capacitor at the instant after the short is released, start at a potential difference of 0 Volts, 
then one can see that all of the energy that will cause dielectric absorption is contained 
within the internal electric field of the dielectric. Thus, one can imagine that as the 
capacitors recharge, because they are voltage clamped, the charge will distribute itself in 
a way that averages the potentials contained within the internal dielectric fields according 
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to the decay rate of the particular dielectric. If one assumes that there is minimal 
influence on the absorption signal by the induced external field, then the argument can be 
made that the total absorption VT at time ti seen for two parallel capacitors will be 
identical to the capacitance-weighted average of their individual signals at time ti when 
not in parallel, or: 
VT(ti) = 
                 
     
        (16) 
For the case when C1 = C2 the total voltage at any given time becomes the average of the 
two absorption signals: 
VT(ti)=  
             
 
          (17) 
The capacitance for each capacitor is defined as: 
C =  
 
 
           (18) 
Where ε is the dielectric constant, A and d are the area and separation distance of the 
capacitor plates respectively. Combining the formula for capacitance with equation 17 
and inserting equation 2 for V1(ti) and V2(ti): 
VT(ti) = 
  
  
  
         
  
  
      
  
  
  
   
  
  
       (19) 
Where  n(ti) =        
       
 
 
  
  
      
   
  
          
  
  
      . Thus, the total 
voltage at any given time should be proportional to the capacitance weighted average of 
the individual absorption signals. If the capacitance of the two capacitors in question is 
equal, then the total voltage is simply an average of the two individual signals—and since 
each individual signal depends on the inverse of the capacitance (and therefore the 
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dielectric constant), the total absorption voltage depends on the dielectric properties of 
the individual capacitors. 
 
Figure 1: (Left) Two capacitors, C1 and C2 charged to voltages V1 and V2 are separated by a switch. 
(Right) When the switch is thrown, the total charge of the system redistributes to satisfy the fact that the 
capacitors are now voltage clamped. 
Materials and Methods: 
Hardware: 
 Charging and data collection hardware was designed in-house by Avery Cashion 
and Robert Dennis; details of the circuit are given elsewhere
2
. Data was collected at 
83.33 Hz using the specially designed hardware with a USB interface to a computer 
running a visual basic (VB) graphical user interface (GUI) designed by Avery Cashion. 
The VB GUI provided the ability to adjust charging time (tc), shorting time (ts), reading 
time (tr), charging voltage (Vc), and number of charge/discharge cycles (n). 
In order to examine dielectric absorption we examined effect of each of the 
following variables on the five metrics described above: 
Effect of Electrical Short time (ts): 
 In order to examine the effects of the short time on capacitors, a series of tests 
was used that examined short times of 1 ms, 10 ms, 100 ms, 1.25 s, 10 s and 65.5 s. Short 
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time was examined for each dielectric at 2.5 V, 5 V and 10 V charging signals. In each 
case the capacitors were charged for 65 seconds and were then read for 65 seconds to 
ensure complete signal acquisition. A test series consisted of 10 cycles of charging, 
shorting and reading to ensure sufficient data for averaging. Since the capacitors were 
discharged through some nominal resistance (internal to the circuitry), it was important to 
examine the effects of short times that are as close to the RC time constant of the circuit 
as possible—1 ms was well above the RC time constant for the largest capacitor used 
(220 µF Electrolytic). 
Reading time (tR): 
 In order to ensure adequate signal acquisition, all experiments used a minimum of 
45 seconds recording time and at most 65 seconds of recording time. 
Effect of Dielectric Material (ε): 
 Since we propose that the dielectric material has a large effect on the shape and 
properties of the dielectric absorption signal, we have explored several different dielectric 
materials. Common Y5V and X7R ceramic (0.47 µF and 10 µF supplied by Digikey 
Corporation, Thief River Falls, MN), aluminum electrolytic (220 µF and 10 µF supplied 
by Digikey Corporation, Thief River Falls, MN), and paper-in oil (PIO) capacitors 
(generously donated by Dietolf Ramm of the Durham FM Association) were used in our 
experiments. 
Effect of Charge Voltage (VC): 
 Observing the Iorga description of dielectric absorption, it is clear that the initial 
voltage to which the capacitor is charged should affect the absorption signal. Thus a test 
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series of charge voltages was devised to examine the effect of charge voltage on 
dielectric absorption. Charge voltage was examined at 10 volts, 5 volts and 2.5 volts. 
Effect of Parallel Capacitance: 
 Since the Iorga model treats compartments as electronically parallel units we have 
explored the idea of placing two different dielectric materials in parallel to examine the 
difference between the native absorption signals of each of the dielectrics and the signal 
when placed in parallel. Herein we explored a 10 µF ceramic capacitor in parallel with a 
10 µF electrolytic capacitor. 
Effect of Capacitance: 
 According to the Iorga model, as the capacitance increases the dielectric 
absorption should be scaled by the inverse of the capacitance. We compared Vmax 
between a 0.47 µF and 10 µF ceramic capacitor as well as between a 10 µF and 220 µF 
aluminum electrolytic capacitor. 
Analysis Software: 
 The data acquired were reshaped and filtered using a custom MatLab script 
(Appendix C). The data were filtered using a rank-3 median filter in software prior to 
being analyzed. Software algorithms were employed to determine the maximum voltage 
reached as well as the t68%. 
Results: 
General Observations: 
 A representative absorption curve from each of the capacitors examined is 
provided in figure 2. Each curve was generated for a charging voltage of 10V and a short 
time of 1 ms. We also observed that, in general, within a test series, the absorption signal 
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appeared to systematically decrease with each additional cycle—an observation that will 
require further study. Furthermore, we also observe that the 10 µF electrolytic capacitor 
has a larger absorption signal than the 220 µF electrolytic capacitor of the same variety—
however it is interesting to note that the 0.47 µF ceramic capacitor appears to have a 
smaller absorption signal than the 10 µF ceramic capacitor in figure 1. 
 
Figure 2: Left: Plot of the absorption curves over a 65 second interval for each of the capacitors examined. 
Short time was 1 ms, charge voltage was 10 volts. Right: A plot of the absorption curves over a 65 second 
interval for each capacitor examined excluding the paper-in-oil capacitor. Short time was 1 ms, charge 
voltage was 10V. 
Vmax: 
 The effect of short time, dielectric and charging voltage on the maximum 
dielectric absorption signal was examined and representative data is presented in table 1 
(additional data are summarized in appendix A). Average absorption signal was 
calculated from 10—charge/short/read cycles. According to equation 2, the voltage at any 
given point should be proportional to an infinite sum of curves containing a decaying 
exponential in short time—thus a semi-logarithmic plot of maximum absorption voltage 
vs. short time is generated in figure 3 for the representative 10 µF ceramic capacitor 
(additional plots found in appendix B). Our general observation was that the PIO 
capacitor has the largest dielectric absorption response, followed by electrolytic and 
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ceramic capacitors which had a maximum recharge voltage in the range of 0.2 V to 0.6 V 
when charged to 10 V and shorted for 1 ms. It is also important to note that the PIO 
capacitor displayed leakage for brief short times and higher charge voltages while no 
leakage was observed in ceramic or electrolytic capacitors. 
Table 1: Absorption response summary for a 10 µF ceramic capacitor (Digikey Corporation, Thief River 
Falls, MN) for charge voltages of 10, 5 and 2.5 volts. All signals and standard deviations are an average of 
10 charge/short/read cycles and are in volts. 
 
10 V 5 V 2.5 V 
Short 
Time 
(ms) 
Average 
Absorption 
(Volts) 
Standard 
Deviation 
Average 
Absorption 
(Volts) 
Standard 
Deviation 
Average 
Absorption 
(Volts) 
Standard 
Deviation 
1 0.45305 0.01832 0.25584 0.01061 0.15136 0.00788 
10 0.37265 0.00192 0.21459 0.00160 0.13133 0.00556 
100 0.29795 0.00102 0.17486 0.00685 0.10412 0.00425 
1250 0.20697 0.00257 0.11072 0.00368 0.07177 0.00201 
10000 0.12889 0.00766 0.07044 0.00046 0.04640 0.00424 
65534 0.05699 0.00731 0.03567 0.00611 0.02269 0.00353 
 
 
 
Figure 3: Plot of Vmax after 65 seconds vs. natural logarithm of short time for a 10 µF ceramic capacitor 
for 10V, 5 V and 2.5 V charge voltage for 65 seconds. The plot displays near-linearity which can be 
explained by the relationship between absorption signal and short time in equation 2. 
t68%: 
 The effect of short time, dielectric and charge voltage on the average time 
constant of the dielectric absorption response was examined and displayed in Table 2. It 
Vmax = -0.0356ln(ts )+ 0.4564
R² = 0.9992
Vmax = -0.0203ln(ts )+ 0.2599
R² = 0.9968
Vmax = -0.0118ln(ts )+ 0.1556
R² = 0.9969
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should be noted that the 68% recovery time should be independent of charge voltage and 
that the observed data seem to follow that trend. It should also be noted that additional 
data are summarized in appendix B and that for most dielectrics t68% seems to be 
independent of charging voltage, provided the short time is less than 10 seconds. For the 
case of a charging voltage of 10 V and a short time of 1 ms, the respective average t68% 
for PIO, 0.47 µF ceramic, 10 µF ceramic, 10 µF electrolytic, 220 µF electrolytic, and 10 
µF ceramic with 10 µF electrolytic in parallel are (figure 4): 0.1370 + 0.0106 ms, 7.5568 
+ 1.2697 ms, 4.0680 + 0.7160 ms, 0.8496 + 0.3785 ms, 3.5500 + 0.3634 ms, and 1.6284 
+ 0.5562 ms. 
 
 
Figure 4: Representative histogram comparing the average t68% of each of the capacitors tested herein for a 
charge voltage of 10 V and a short time of 1 ms. 
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Table 2: Average ‗time constant‘ (t68%) for a 10 µF X7R ceramic capacitor (Digikey Corporation, Thief 
River Falls, MN) for charge voltages of 10, 5 and 2.5 volts. All signals and standard deviations were 
derived from an average of 10 charge/short/read cycles. 
 
10 V 5 V 2.5 V 
Short 
Time 
(ms) 
t68% 
(ms) 
Standard 
Deviation 
t68% 
(ms) 
Standard 
Deviation 
t68% 
(ms) 
Standard 
Deviation 
1 4.06800 0.71682 3.64920 0.71158 3.82200 0.92398 
10 6.98280 0.19493 6.09360 0.15857 6.39240 0.75508 
100 11.41200 0.10076 10.94760 0.77116 10.15080 0.75807 
1250 19.42920 0.20392 17.56440 1.15609 17.52960 0.49786 
10000 28.99080 0.39918 27.44640 0.56636 26.75160 1.00387 
65534 35.44440 1.41154 33.56400 1.09436 29.15467 2.65081 
 
 
 
Figure 5: Plot of t68% vs. natural logarithm of ts for a 10 µF X7R capacitor (Digikey Corporation, Thief 
River Falls, MN) for charge voltages of 10, 5 and 2.5 volts. 
Parallel Capacitors: 
 Figure 4 shows a comparison of the absorption signal from the two 10 µF 
capacitors placed in parallel to the average of the signals from each capacitor separately. 
Our observations indicate that as the short time increases, the disparity between the 
averaged signals and the parallel signal deviate from each other more drastically. 
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Figure 6: Plots comparing the average of two independently charged 10 µF capacitors (one ceramic, and 
one electrolytic) to the signal collected from the same two 10 µF capacitors while in parallel. The 
absorption signal is in volts and the time is tracked in seconds. 
Discussion: 
 The majority of our observations are quite consistent with the mathematical 
description of dielectric absorption provided by Iorga. We have noted some interesting 
behaviours that, to our knowledge, have not been described in the literature. Robert Pease 
described compensation circuitry for dielectric absorption and in his data it appears as if 
the soakage signal becomes increasingly small with each new charge/discharge cycle, 
however no comments are made regarding this particular occurrence
8,9
. We consistently 
observed that the first cycle, in particular, of nearly every soakage series resulted in a 
larger signal than the subsequent cycles. While our observation is not discretely 
explained by the mathematics of Iorga or those derived herein, it is quite possible that the 
effect being observed may be a result of the previous charge series or the influence of the 
dielectric signal on itself—however the explanation remains unclear and further 
investigation of this peculiar effect is warranted. 
 Iorga‘s equations suggest that the absorption voltage should be inversely 
proportional to the capacitance of the system being examined—while we did observe this 
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to be the case for the two electrolytic capacitors examined, we did find that the ceramic 
capacitors examined did not behave according to the expected behavior. It is possible that 
this disparity might be attributed to differing temperature coefficients (Y5V vs. X7R) and 
material composition. Further experiments should be carried out in order to determine the 
more general effect of capacitance on dielectric absorption response. 
 According the Iorga‘s model, the maximum absorption voltage should be related 
to short time by an infinite sum of decaying exponentials. As a result the maximum 
observed recharge voltage should display linearity when plotted against the logarithm of 
short time. Our observations agree with the linearity observed for the X7R 10 µF ceramic 
capacitor suggesting that the capacitor conforms to Iorga‘s model. The degree of linearity 
of the semi-logarithmic plot in time is indicative of an exponential relationship between 
absorption signal and short time. Any deviation from linearity is suggestive of a more 
complex relationship between short time and recharge voltage. Our data indicates that for 
some capacitors, at larger short times the behaviour of the semi-log plot in time deviates 
from linear—suggesting that perhaps there is an additional factor unaccounted for in the 
Iorga model. It is worth noting that if one were to plot the logarithm of Vmax with respect 
to time, the degree of linearity of this semi-logarithmic plot should be an indicator of how 
many compartments one might require to model the dielectric response of a particular 
capacitor. The more linear the semi-log plot in Vmax, the fewer compartments that are 
required to describe the response—which is to say that the response of a linear semi-log 
plot in Vmax suggests a simple exponential relationship between short time and voltage, or 
only one compartment. Conversely, as the complexity of the Vmax semi-log plot 
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increases, so also does the number of compartments required to describe the capacitor by 
Iorga‘s model. 
 Leakage in the capacitors was only observed significantly and consistently in the 
PIO capacitor. While a systematic examination of this leakage behaviour is not conducted 
herein, it is important to note that the amount of leakage and the shape of the absorption 
curves appear to vary in both short time, as well as charge voltage. Further examination 
of leakage in capacitors may prove useful in sensor applications for dielectric absorption. 
 According to equation 8, t68% is completely independent of charging voltage and 
capacitance, but is dependent on short time and compartment properties (compartment 
internal impedance Rj and compartment time constant τj). As a result, the t68% offers a 
quantitative description of the compartment properties within a dielectric that is 
independent of the dielectric constant. This independence from dielectric constant and 
capacitance does not preclude variance in t68% between different capacitors because it 
remains dependent upon the unique properties Rj and τj which are specific to each 
dielectric. Presumably Rj and τj are also specific to the relative proportion and 
distribution of compounds within a dielectric, however further investigation will be 
required in order to draw conclusions regarding the relationship between material 
distribution in dielectric and absorption response. 
 Parallel capacitors examined herein presented varying results. For brief short 
times (typically less than 10 seconds), the absorption curve of the parallel capacitors 
seemed to be closely modeled by the average of the absorption signals of the individual 
capacitors under the same charging and shorting conditions. It is also interesting to note 
that in some cases the average of the independent signals was larger than the parallel 
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signal, and in other cases the averaged signal was less. Additional experiments should be 
run while varying capacitance and dielectric material in order to better understand the 
phenomenon. For cases where the short time was larger than 1 second, the averaged 
signal was always larger than the parallel signal. There are several possible reasons for 
the trend observed for large short times. It is possible that the equations derived 
describing the parallel signal need to be modified to account for an increase in overall 
capacitance of the system equal to the sum of the parallel capacitances. For two 
capacitors in parallel, it is also possible that the self-influence the dielectric absorption 
has on itself is attenuated (or possibly amplified) significantly enough to cause significant 
differences between the averaged independent signals and the parallel signal. It is also 
worth noting that Iorga‘s model assumes that no current flows between compartments—
an assumption that cannot be made in the case of parallel capacitors as current must flow 
between capacitors (which are treated as large compartments in this model) in order to 
maintain the clamped voltage condition. A more thorough examination of parallel 
capacitors should be conducted in order to aid in sensor circuitry development since the 
capacitance of the circuit could influence the obtained signal.  
 Our observations herein suggest that further experimentation should be conducted 
to completely describe the absorption responses of common capacitors. Our data suggests 
that different dielectric materials have distinguishable absorption signals. Further 
mathematical descriptions will be required in order to determine as much useable 
information about a signal as possible if the possibility of a sensor application is to be 
realized. The assumptions inherent in the current mathematical description of absorption 
make it difficult to draw conclusions from data containing small signals. For situations in 
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which the short time is significantly longer than compartments with small time constants 
and low internal resistances, the way in which the absorption signal affects itself is likely 
to change significantly from those obtained under conditions of small short time. Since 
the current mathematical tools for fitting sums of decaying exponentials are poorly suited 
for fitting the absorption response curves, a possibility for identifying different dielectric 
materials based on absorption signal may be more appropriately solved by 
implementation of a support vector machine. Our data generally support the possibility of 
using dielectric absorption as a method for characterizing dielectric materials. Specific 
potential applications of the principles outlined here include devices for capacitor quality 
control, assessment of lipid-base biofuels, and assessment of biomass feedstock for 
production of alternative fuels. Future research will better indicate the strengths and 
weaknesses inherent in using dielectric absorption in sensor applications. 
Future Research: 
 Future research will focus on examining more capacitors to better understand the 
effect of dielectric material and capacitance on the absorption signal. Different parallel 
setups will be used to better understand how to model parallel capacitors of differing 
composition and size. It would also be interesting to examine the leakage behaviour in 
capacitors and how it relates to absorption signal. Research is currently under way using 
a custom capacitor with variable dielectric and capacitance to examine the effect of 
varying dielectric concentration using a liquid, lipid-based dielectric material. Finally, in 
an effort to better predict the signal of an unknown mixture of materials, the use of 
support vector machines will be implemented to ascertain the possibility of creating a 
dielectric absorption sensor. Such a sensor could find applications in many fields 
 21 
 
2
1 
including geology, industrial quality control and process monitoring, biomedical and 
electrical engineering. When coupled with methods such as dielectric, UV-visual, nuclear 
magnetic resonance spectroscopy and mass spectrometry, dielectric absorption could help 
provide additional information about internal dielectric behaviours of materials. 
Conclusion: 
 While our observations are consistent with those of Iorga, we did observe several 
aberrations that need further exploration. The purpose of this examination was to 
determine the viability of dielectric absorption in sensing techniques. While additional 
research will be required to determine better metrics, our preliminary results indicate that 
t68% is a potentially useful metric when describing dielectric absorption that is 
independent of dielectric constant. Our examination of parallel capacitors has shed some 
light on the question as to whether the possibility of differentiating two materials in a 
capacitor is possible. Our results agree with the proposed model for two parallel 
capacitors under conditions of small short time; however, further examination will be 
required to characterize the response of parallel capacitors after long short times (ts > 10 
s). Our treatment of the system is greatly simplified—many assumptions are inherent in 
the equations that are currently used to describe dielectric absorption. In order to properly 
characterize dielectric materials, it will be imperative to develop methods for analyzing 
an entire absorption response curve. Support vector machines offer a promising 
alternative to previously attempted modeling schemes for characterizing the infinite sums 
of decaying exponentials that make up the absorption signals
6
. Future research will focus 
on taking the results gathered from these experiments and developing sensor techniques 
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based on support vector machine interpretation in an effort to aid in the global 
understanding of dielectrics and dielectric absorption. 
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APPENDIX A – Additional Data Tables 
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Table 3: Summary of Vmax data for the 10 µF Ceramic capacitor. Short time (ts) is in ms, Vmax is in volts, averages and standard deviations are listed at the 
right. Each row represents 10 charge/short/cycles and are numbered 1-10. This table represents data taken for 10V, 5 V and 2.5V charging voltages. Within each 
charging voltage the Vmax vs ts data is shown, followed by 68%Vmax vs ts, followed by a table of t68% vs. ts. All times are expressed in milliseconds. Blank cells 
represent unusable data. 
10 V Vmax (V)                       
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.47150 0.46910 0.42910 0.42940 0.46050 0.46540 0.46420 0.42330 0.45900 0.45900 0.45305 0.01832 
10 0.37570 0.37260 0.37230 0.37200 0.37140 0.37170 0.37080 0.37200 0.37140 0.37660 0.37265 0.00192 
100 0.29940 0.29690 0.29910 0.29690 0.29790 0.29690 0.29820 0.29690 0.29910 0.29820 0.29795 0.00102 
1250 0.21390 0.20780 0.20690 0.20510 0.20630 0.20570 0.20690 0.20540 0.20600 0.20570 0.20697 0.00257 
10000 0.14950 0.13240 0.12880 0.12760 0.12600 0.12570 0.12570 0.12420 0.12420 0.12480 0.12889 0.00766 
65534 0.07570 0.06200 0.05710 0.05710 0.05430 0.05310 0.05370 0.05250 0.05400 0.05040 0.05699 0.00731 
                          
  68%Vmax  (Volts)                     
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.32062 0.31899 0.29179 0.29199 0.31314 0.31647 0.31566 0.28784 0.31212 0.31212 0.30807 0.01245 
10 0.25548 0.25337 0.25316 0.25296 0.25255 0.25276 0.25214 0.25296 0.25255 0.25609 0.25340 0.00131 
100 0.20359 0.20189 0.20339 0.20189 0.20257 0.20189 0.20278 0.20189 0.20339 0.20278 0.20261 0.00069 
1250 0.14545 0.14130 0.14069 0.13947 0.14028 0.13988 0.14069 0.13967 0.14008 0.13988 0.14074 0.00175 
10000 0.10166 0.09003 0.08758 0.08677 0.08568 0.08548 0.08548 0.08446 0.08446 0.08486 0.08765 0.00521 
65534 0.05148 0.04216 0.03883 0.03883 0.03692 0.03611 0.03652 0.03570 0.03672 0.03427 0.03875 0.00497 
                          
  t68% (ms)                       
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 2.92800 3.39600 4.87200 4.94400 3.68400 4.00800 4.05600 5.14800 3.72000 3.92400 4.06800 0.71682 
10 7.10400 6.87600 6.93600 6.90000 6.80400 6.97200 6.85200 6.94800 6.94800 7.48800 6.98280 0.19493 
100 11.52000 11.25600   11.26800 11.50800 11.37600 11.48400 11.36400 11.48400 11.44800 11.41200 0.10076 
1250 19.76400 19.34400 19.36800 19.08000 19.60800 19.56000 19.57200 19.27200 19.47600 19.24800 19.42920 0.20392 
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10000 29.53200 29.08800 29.29200 29.40000 29.23200 28.68000 28.70400 28.94400 28.82400 28.21200 28.99080 0.39918 
65534 36.62400 37.10400 35.65200 36.42000 35.84400 34.74000 35.08800 35.52000 31.98000 35.47200 35.44440 1.41154 
                          
5 V Vmax (V)                       
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.25090 0.26430 0.26280 0.23710 0.26280 0.26000 0.23680 0.26250 0.26060 0.26060 0.25584 0.01061 
10 0.21760 0.21640 0.21610 0.21360 0.21330 0.21450 0.21390 0.21450 0.21270 0.21330 0.21459 0.00160 
100 0.19290 0.17760 0.17700 0.17360 0.17090 0.17210 0.17270 0.17030 0.17090 0.17060 0.17486 0.00685 
1250 0.10250 0.10740 0.10960 0.11600 0.11020 0.11140 0.11230 0.11230 0.11260 0.11290 0.11072 0.00368 
10000 0.07050 0.07020 0.07050 0.06960 0.07080 0.07020 0.07050 0.07020 0.07140 0.07050 0.07044 0.00046 
65534 0.05100 0.04030 0.03750 0.03450 0.03330 0.03330 0.03230 0.03140 0.03110 0.03200 0.03567 0.00611 
                          
  68%Vmax   (Volts)                     
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.17061 0.17972 0.17870 0.16123 0.17870 0.17680 0.16102 0.17850 0.17721 0.17721 0.17397 0.00722 
10 0.14797 0.14715 0.14695 0.14525 0.14504 0.14586 0.14545 0.14586 0.14464 0.14504 0.14592 0.00109 
100 0.13117 0.12077 0.12036 0.11805 0.11621 0.11703 0.11744 0.11580 0.11621 0.11601 0.11890 0.00465 
1250 0.06970 0.07303 0.07453 0.07888 0.07494 0.07575 0.07636 0.07636 0.07657 0.07677 0.07529 0.00250 
10000 0.04794 0.04774 0.04794 0.04733 0.04814 0.04774 0.04794 0.04774 0.04855 0.04794 0.04790 0.00032 
65534 0.03468 0.02740 0.02550 0.02346 0.02264 0.02264 0.02196 0.02135 0.02115 0.02176 0.02426 0.00416 
                          
  t68% (ms)                       
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 5.29200 3.28800 3.27600 4.23600 3.34800 3.15600 4.23600 3.31200 3.15600 3.19200 3.64920 0.71158 
10 6.09600 6.24000 6.21600 5.94000 5.89200 6.25200 6.09600 6.28800 5.84400 6.07200 6.09360 0.15857 
100 12.86400 11.20800 11.44800 10.95600 10.30800 10.66800 10.74000 10.32000 10.44000 10.52400 10.94760 0.77116 
1250 15.88800 16.76400 17.14800 20.36400 17.02800 17.35200 17.96400 17.70000 17.78400 17.65200 17.56440 1.15609 
10000 26.06400 27.36000 27.43200 27.50400 27.15600 27.79200 28.16400 27.43200 27.88800 27.67200 27.44640 0.56636 
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65534 35.16000 34.34400 34.30800 33.73200 33.10800 34.54800 31.44000 33.34800 32.49600 33.15600 33.56400 1.09436 
                          
2.5 V Vmax (V)                       
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.15810 0.16110 0.14620 0.15780 0.15590 0.15530 0.15500 0.14100 0.14280 0.14040 0.15136 0.00788 
10 0.14590 0.13400 0.13210 0.13030 0.13030 0.12700 0.12970 0.12880 0.12820 0.12700 0.13133 0.00556 
100 0.11440 0.10770 0.10530 0.10350 0.10380 0.10250 0.10130 0.10100 0.10130 0.10040 0.10412 0.00425 
1250 0.07690 0.07290 0.07200 0.07170 0.07170 0.07080 0.06990 0.07050 0.07050 0.07080 0.07177 0.00201 
10000 0.05710 0.04910 0.04760 0.04640 0.04550 0.04390 0.04360 0.04390 0.04330 0.04360 0.04640 0.00424 
65534 0.03110 0.02530 0.02230 0.02200 0.02170 0.02080 0.02080 0.02010 0.02010   0.02269 0.00353 
                          
  68%Vmax   (Volts)                     
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.10751 0.10955 0.09942 0.10730 0.10601 0.10560 0.10540 0.09588 0.09710 0.09547 0.10292 0.00536 
10 0.09921 0.09112 0.08983 0.08860 0.08860 0.08636 0.08820 0.08758 0.08718 0.08636 0.08930 0.00378 
100 0.07779 0.07324 0.07160 0.07038 0.07058 0.06970 0.06888 0.06868 0.06888 0.06827 0.07080 0.00289 
1250 0.05229 0.04957 0.04896 0.04876 0.04876 0.04814 0.04753 0.04794 0.04794 0.04814 0.04880 0.00136 
10000 0.03883 0.03339 0.03237 0.03155 0.03094 0.02985 0.02965 0.02985 0.02944 0.02965 0.03155 0.00288 
65534 0.02115 0.01720 0.01516 0.01496 0.01476 0.01414 0.01414 0.01367 0.01367   0.01543 0.00240 
                          
  t68% (ms) 
 
                    
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 5.95200 3.63600 4.46400 3.25200 3.06000 2.97600 2.89200 4.03200 4.22400 3.73200 3.82200 0.92398 
10 8.18400 6.82800 6.55200 6.16800 6.52800 5.40000 6.36000 6.06000 6.14400 5.70000 6.39240 0.75508 
100 11.38800 11.42400 10.54800 9.81600 10.20000 10.04400 9.30000 9.79200 9.62400 9.37200 10.15080 0.75807 
1250 17.90400 18.18000 18.08400 18.12000 17.00400 17.14800 16.89600 17.50800 17.26800 17.18400 17.52960 0.49786 
10000 28.15200 27.27600 26.82000 28.36800 27.34800 25.59600 25.99200 26.35200 25.80000 25.81200 26.75160 1.00387 
65534 32.95200 31.34400 31.16400 30.61200 27.81600 26.48400 29.11200 24.54000 28.36800   29.15467 2.65081 
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Table 4: Summary of Vmax data for the 10 µF X7R ceramic capacitor with 10 µF electrolytic capacitor in parallel. Short time (ts) is in ms, Vmax is in volts, 
averages and standard deviations are listed at the right. Each row represents 10 charge/short/cycles and are numbered 1-10. This table represents data taken for 
10V, 5 V and 2.5V charging voltages. Within each charging voltage the Vmax vs ts data is shown, followed by 68%Vmax vs ts, followed by a table of t68% vs. ts. All 
times are expressed in milliseconds. Blank cells represent unusable data. 
10 V Vmax (V)                       
Ts 
(ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.70530 0.71050 0.71080 0.60820 0.60820 0.70710 0.70860 0.70920 0.70920 0.60700 0.67841 0.04875 
10 0.54600 0.53860 0.53620 0.53410 0.53380 0.53350 0.53350 0.53220 0.53250   0.53560 0.00437 
100 0.44340 0.41380 0.40990 0.40960 0.40770 0.40740 0.40680 0.40680 0.40560 0.40380 0.41148 0.01154 
1250 0.31190 0.27680 0.26860 0.26370 0.26340 0.26280 0.26340 0.26120 0.26250 0.26180 0.26961 0.01557 
10000 0.15500 0.14280 0.13860 0.13730 0.13760 0.13950 0.13860 0.13890 0.13980 0.13790 0.14060 0.00529 
65534 0.07230 0.05800 0.05430 0.05040 0.04940 0.05000 0.05000 0.04790 0.04910 0.04940 0.05308 0.00739 
                          
  68%Vmax (volts)                     
Ts 
(ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.47960 0.48314 0.48334 0.41358 0.41358 0.48083 0.48185 0.48226 0.48226 0.41276 0.46132 0.03315 
10 0.37128 0.36625 0.36462 0.36319 0.36298 0.36278 0.36278 0.36190 0.36210   0.36421 0.00297 
100 0.30151 0.28138 0.27873 0.27853 0.27724 0.27703 0.27662 0.27662 0.27581 0.27458 0.27981 0.00785 
1250 0.21209 0.18822 0.18265 0.17932 0.17911 0.17870 0.17911 0.17762 0.17850 0.17802 0.18333 0.01059 
10000 0.10540 0.09710 0.09425 0.09336 0.09357 0.09486 0.09425 0.09445 0.09506 0.09377 0.09561 0.00360 
65534 0.04916 0.03944 0.03692 0.03427 0.03359 0.03400 0.03400 0.03257 0.03339 0.03359 0.03609 0.00502 
                          
  t68% (ms)                       
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Ts 
(ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 1.06800 1.23600 1.29600 2.41200 2.40000 1.32000 1.36800 1.35600 1.36800 2.46000 1.62840 0.55622 
10 4.30800 4.05600 3.99600 3.93600 3.96000 3.91200 3.91200 3.88800 3.88800   3.98400 0.13322 
100 9.46800 8.26800 8.04000 8.02800 7.92000 7.77600 7.76400 7.81200 7.62000 7.58400 8.02800 0.54635 
1250 19.17600 17.72400 17.00400 16.53600 16.44000 16.89600 16.72800 16.53600 16.57200 16.35600 16.99680 0.86191 
10000 27.82800 27.74400 26.82000 27.10800 27.04800 27.44400 27.42000 27.43200 26.89200 26.90400 27.26400 0.36049 
65534 36.48000 36.69600 35.78400 34.34400 36.07200 35.59200 34.42800 33.94800 33.87600 34.82400 35.20440 1.04997 
                          
5 V Vmax (V)                       
Ts 
(ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.33260 0.37930 0.32170 0.31950 0.37600 0.31800 0.37420 0.31740 0.31890 0.37600 0.34336 0.02876 
10 0.30030 0.28630 0.28320 0.28020 0.28230 0.28080 0.27990 0.28050 0.28110 0.27990 0.28345 0.00624 
100 0.22920 0.21940 0.21640 0.21550 0.21550 0.21610 0.21550 0.21480 0.21450 0.21610 0.21730 0.00439 
1250 0.14950 0.14190 0.14100 0.14040 0.13860 0.13920 0.13860 0.13920 0.13890 0.13950 0.14068 0.00328 
10000 0.09340 0.08030 0.07780 0.07570 0.07600 0.07570 0.07630 0.07600 0.07510 0.07570 0.07820 0.00555 
65534 0.06100 0.04180 0.03600 0.03450 0.03050 0.03230 0.03110 0.03110 0.03050 0.02990 0.03587 0.00955 
                          
  68%Vmax (volts)                     
Ts 
(ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.22617 0.25792 0.21876 0.21726 0.25568 0.21624 0.25446 0.21583 0.21685 0.25568 0.23348 0.01956 
10 0.20420 0.19468 0.19258 0.19054 0.19196 0.19094 0.19033 0.19074 0.19115 0.19033 0.19275 0.00424 
100 0.15586 0.14919 0.14715 0.14654 0.14654 0.14695 0.14654 0.14606 0.14586 0.14695 0.14776 0.00299 
1250 0.10166 0.09649 0.09588 0.09547 0.09425 0.09466 0.09425 0.09466 0.09445 0.09486 0.09566 0.00223 
10000 0.06351 0.05460 0.05290 0.05148 0.05168 0.05148 0.05188 0.05168 0.05107 0.05148 0.05318 0.00377 
65534 0.04148 0.02842 0.02448 0.02346 0.02074 0.02196 0.02115 0.02115 0.02074 0.02033 0.02439 0.00649 
                          
  
 
2
9 
  t68% (ms)                       
Ts 
(ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 3.15600 1.41600 2.70000 2.60400 1.34400 2.50800 1.28400 2.44800 2.54400 1.34400 2.13480 0.70542 
10 5.16000 4.21200 4.08000 3.79200 3.92400 3.90000 3.79200 3.87600 3.96000 3.85200 4.05480 0.40935 
100 8.86800 8.02800 7.78800 7.56000 7.70400 7.66800 7.69200 7.50000 7.64400 7.81200 7.82640 0.39386 
1250 16.76400 16.26000 16.38000 15.62400 15.75600 15.82800 15.52800 15.98400 15.68400 16.05600 15.98640 0.38735 
10000 28.41600 26.38800 25.95600 25.95600 25.80000 26.36400 25.84800 25.71600 26.10000 26.37600 26.29200 0.78645 
65534 36.72000 35.44800 34.11600 34.92000 32.06400 37.00800 32.74800 31.12800 32.24400 30.61200 33.70080 2.27630 
                          
2.5 V Vmax (V)                       
Ts 
(ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.20840 0.20170 0.17150 0.17180 0.20080 0.20080 0.20050 0.17150 0.17120 0.20140 0.18996 0.01605 
10 0.16270 0.15320 0.15140 0.15200 0.15200 0.14890 0.14920 0.15230 0.14980 0.14950 0.15210 0.00401 
100 0.12660 0.11840 0.11750 0.11630 0.11510 0.11630 0.11690 0.11440 0.11440 0.11600 0.11719 0.00355 
1250 0.07080 0.07260 0.07450 0.07420 0.07450 0.07450 0.07480 0.07450 0.07450 0.07390 0.07388 0.00125 
10000 0.05550 0.04730 0.04580 0.04520 0.04490 0.04360 0.04360 0.04390 0.04390 0.04360 0.04573 0.00364 
65534 0.02590 0.02260 0.02170 0.02080 0.01980 0.01980 0.01920 0.01920 0.01920 0.01890 0.02071 0.00219 
                          
  68%Vmax (volts)                     
Ts 
(ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.14171 0.13716 0.11662 0.11682 0.13654 0.13654 0.13634 0.11662 0.11642 0.13695 0.12917 0.01091 
10 0.11064 0.10418 0.10295 0.10336 0.10336 0.10125 0.10146 0.10356 0.10186 0.10166 0.10343 0.00273 
100 0.08609 0.08051 0.07990 0.07908 0.07827 0.07908 0.07949 0.07779 0.07779 0.07888 0.07969 0.00241 
1250 0.04814 0.04937 0.05066 0.05046 0.05066 0.05066 0.05086 0.05066 0.05066 0.05025 0.05024 0.00085 
10000 0.03774 0.03216 0.03114 0.03074 0.03053 0.02965 0.02965 0.02985 0.02985 0.02965 0.03110 0.00247 
65534 0.01761 0.01537 0.01476 0.01414 0.01346 0.01346 0.01306 0.01306 0.01306 0.01285 0.01408 0.00149 
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  t68% (ms)                       
Ts 
(ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 1.65600 1.28400 2.61600 2.50800 1.27200 1.26000 1.32000 2.50800 2.54400 1.34400 1.83120 0.62431 
10 5.28000 4.06800 3.76800 3.96000 3.90000 3.48000 3.70800 4.14000 3.74400 3.74400 3.97920 0.49559 
100 9.61200 9.61200 7.69200 7.47600 7.50000 7.33200 7.58400 7.00800 7.00800 7.56000 7.83840 0.96243 
1250 13.08000 13.09200 14.22000 14.32800 14.23200 14.73600 14.31600 13.95600 14.14800 14.24400 14.03520 0.53678 
10000 26.58000 24.75600 25.62000 25.10400 24.33600 24.43200 24.33600 24.57600 24.36000 24.21600 24.83160 0.75100 
65534 32.26800 30.82800 29.25600 25.98000 29.29200 25.92000 24.60000 24.76800 25.41600 26.38800 27.47160 2.71531 
 
Table 5: Summary of Vmax data for the 0.47 µF Y5R ceramic capacitor. Short time (ts) is in ms, Vmax is in volts, averages and standard deviations are listed at 
the right. Each row represents 10 charge/short/cycles and are numbered 1-10. This table represents data taken for 10V, 5 V and 2.5V charging voltages. Within 
each charging voltage the Vmax vs ts data is shown, followed by 68%Vmax vs ts, followed by a table of t68% vs. ts. All times are expressed in milliseconds. Blank 
cells represent unusable data. 
10 V Vmax (V)                       
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.36130 0.32870 0.33750 0.31920 0.33780 0.34610 0.32680 0.33720 0.33970  0.33714 0.01210 
10 0.34970 0.31460 0.30670 0.30270 0.30490 0.30270 0.30180 0.30000 0.29940  0.30917 0.01587 
100 0.28870 0.25700 0.26280 0.24810 0.24380 0.24140 0.25300 0.25760 0.25060 0.25020 0.25532 0.01338 
1250 0.20720 0.18250 0.17490 0.17460 0.17430 0.17580 0.17330 0.17910 0.18310 0.18310 0.18079 0.01006 
10000 0.14500 0.11840 0.11690 0.11320 0.11380 0.11170 0.11660 0.11260 0.11170 0.11170 0.11716 0.01008 
65534 0.06290 0.04970 0.04940 0.04550 0.04700 0.04520 0.04520 0.04520 0.04460 0.04520 0.04799 0.00555 
                          
  68%Vmax (volts)                     
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.24568 0.22352 0.22950 0.21706 0.22970 0.23535 0.22222 0.22930 0.23100 0.00000 0.20633 0.07291 
10 0.23780 0.21393 0.20856 0.20584 0.20733 0.20584 0.20522 0.20400 0.20359 0.00000 0.18921 0.06726 
  
 
3
1 
100 0.19632 0.17476 0.17870 0.16871 0.16578 0.16415 0.17204 0.17517 0.17041 0.17014 0.17362 0.00910 
1250 0.14090 0.12410 0.11893 0.11873 0.11852 0.11954 0.11784 0.12179 0.12451 0.12451 0.12294 0.00684 
10000 0.09860 0.08051 0.07949 0.07698 0.07738 0.07596 0.07929 0.07657 0.07596 0.07596 0.07967 0.00685 
65534 0.04277 0.03380 0.03359 0.03094 0.03196 0.03074 0.03074 0.03074 0.03033 0.03074 0.03263 0.00377 
                          
  t68% (ms)                       
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 10.32000 7.98000 6.45600 7.62000 6.26400 7.95600 8.13600 6.54000 6.74000  7.55689 1.26971 
10 13.11600 11.29200 10.86000 10.09200 10.42800 10.46400 10.77600 10.63200 9.28800  10.77200 1.04103 
100 16.30800 16.04400 16.58400 12.85200 12.39600 12.21600 14.94000 15.25200 14.46000 14.02800 14.50800 1.61032 
1250 22.70400 24.27600 26.01600 20.77200 25.28400 26.01600 20.48400 23.68800 22.93200 24.70800 23.68800 1.97431 
10000 30.91200 29.50800 30.08400 29.31600 28.95600 29.61600 30.22800 29.47200 29.48400 29.46000 29.70360 0.55740 
65534 39.24000 38.19600 38.31600 37.45200 35.28000 35.80800 37.20000 35.24400 39.72000 35.98800 37.24440 1.62317 
                          
5 V Vmax (V)                       
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.24570 0.22490 0.21670 0.23070 0.22520 0.21760 0.22340 0.21060 0.22670 0.22340 0.22449 0.00941 
10 0.20630 0.20330 0.20390 0.20050 0.20140 0.19380 0.20290 0.19990 0.20050 0.19590 0.20084 0.00372 
100 0.17640 0.17180 0.16750 0.16940 0.16540 0.16750 0.16750 0.17030 0.16820 0.16240 0.16864 0.00376 
1250 0.16110 0.13210 0.13090 0.12790 0.12600 0.12020 0.12630 0.12090 0.12300 0.11870 0.12871 0.01223 
10000 0.10010 0.08360 0.07780 0.07600 0.07630 0.07660 0.07290 0.07350 0.07170 0.07230 0.07808 0.00848 
65534 0.04490 0.03570 0.03300 0.03230 0.02840 0.02930 0.02900 0.02900 0.02870 0.02840 0.03187 0.00520 
                          
  68%Vmax (volts)                     
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.16708 0.15293 0.14736 0.15688 0.15314 0.14797 0.15191 0.14321 0.15416 0.15191 0.15265 0.00640 
10 0.14028 0.13824 0.13865 0.13634 0.13695 0.13178 0.13797 0.13593 0.13634 0.13321 0.13657 0.00253 
  
 
3
2 
100 0.11995 0.11682 0.11390 0.11519 0.11247 0.11390 0.11390 0.11580 0.11438 0.11043 0.11468 0.00256 
1250 0.10955 0.08983 0.08901 0.08697 0.08568 0.08174 0.08588 0.08221 0.08364 0.08072 0.08752 0.00831 
10000 0.06807 0.05685 0.05290 0.05168 0.05188 0.05209 0.04957 0.04998 0.04876 0.04916 0.05309 0.00577 
65534 0.03053 0.02428 0.02244 0.02196 0.01931 0.01992 0.01972 0.01972 0.01952 0.01931 0.02167 0.00353 
                          
  t68% (ms)                       
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 7.44000 8.22000 6.94800 6.49200 5.49600 6.78000 5.38800 6.26400 5.80800 4.94400 6.37800 1.00954 
10 9.78000 9.40800 9.12000 7.82400 8.38800 7.06800 9.38400 8.37600 8.13600 7.40400 8.48880 0.91267 
100 12.97200 12.49200 11.18400 12.79200 10.53600 11.73600 11.83200 9.94800 11.53200 11.62800 11.66520 0.95268 
1250 23.96400 21.34800 19.26000 17.32800 18.40800 21.98400 17.78400 14.79600 21.37200 22.36800 19.86120 2.80828 
10000 32.00400 32.12400 30.69600 29.86800 29.46000 26.55600 24.87600 29.66400 29.25600 29.01600 29.35200 2.23291 
65534 40.36800 38.62800 35.90400 35.26800 38.10000 33.74400 34.45200 34.89600 34.83600 34.84800 36.10440 2.16586 
                          
2.5 V Vmax (V)                       
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.19710 0.16480 0.14830 0.14890 0.13700 0.13520 0.14740 0.13980 0.14710  0.15173 0.01911 
15 0.14530 0.13400 0.12970 0.12630 0.12390 0.12390 0.12360 0.12480 0.12150 0.12790 0.12809 0.00704 
100 0.12300 0.11510 0.11230 0.11080 0.10800 0.10440 0.10590 0.10190 0.10680 0.10740 0.10956 0.00609 
1250 0.09030 0.08180 0.07970 0.07720 0.07720 0.07810 0.07630 0.07780 0.07540 0.08000 0.07938 0.00428 
10000 0.05680 0.05000 0.04970 0.04520 0.04490 0.04150 0.04430 0.04390 0.04180  0.04646 0.00489 
65534 0.02040 0.01890 0.01890 0.01980 0.01800 0.01770 0.01770 0.01830 0.01890 0.01560 0.01842 0.00132 
                          
  68%Vmax (volts)                     
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.13403 0.11206 0.10084 0.10125 0.09316 0.09194 0.10023 0.09506 0.10003  0.10318 0.01300 
15 0.09880 0.09112 0.08820 0.08588 0.08425 0.08425 0.08405 0.08486 0.08262 0.08697 0.08710 0.00479 
  
 
3
3 
100 0.08364 0.07827 0.07636 0.07534 0.07344 0.07099 0.07201 0.06929 0.07262 0.07303 0.07450 0.00414 
1250 0.06140 0.05562 0.05420 0.05250 0.05250 0.05311 0.05188 0.05290 0.05127 0.05440 0.05398 0.00291 
10000 0.03862 0.03400 0.03380 0.03074 0.03053 0.02822 0.03012 0.02985 0.02842 0.00000 0.02843 0.01047 
65534 0.01387 0.01285 0.01285 0.01346 0.01224 0.01204 0.01204 0.01244 0.01285 0.01061 0.01253 0.00090 
                          
  t68% (ms)                       
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 10.56000 10.24800 5.85600 7.11600 7.05600 6.09600 6.28800 7.08000 6.40800  7.41200 1.75719 
15 11.58000 10.54800 10.47600 9.33600 8.38800 9.03600 8.44800 8.82000 8.02800 9.92400 9.45840 1.14282 
100 16.36800 15.28800 13.68000 13.32000 12.61200 10.60800 11.35200 11.25600 12.76800 11.56800 12.88200 1.84806 
1250 20.30400 20.37600 20.64000 18.63600 21.93600 21.25200 18.97200 21.90000 20.52000 18.32400 20.28600 1.28009 
10000 30.68400 27.60000 26.85600 28.89600 30.37200 28.88400 24.27600 21.46800 24.78000  27.09067 3.06889 
65534 30.91200 34.87200 40.96800 39.20400 31.83600 27.12000 42.92400 27.99600 40.88400 29.19600 34.59120 5.96850 
 
Table 6: Summary of Vmax data for the 10 µF electrolytic capacitor. Short time (ts) is in ms, Vmax is in volts, averages and standard deviations are listed at the 
right. Each row represents 10 charge/short/cycles and are numbered 1-10. This table represents data taken for 10V, 5 V and 2.5V charging voltages. Within each 
charging voltage the Vmax vs ts data is shown, followed by 68%Vmax vs ts, followed by a table of t68% vs. ts. All times are expressed in milliseconds. Blank cells 
represent unusable data. 
10 V Vmax (V)                       
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.73950 0.75530 0.95000 0.94970 0.95340 0.95400 0.95370 0.76330 0.95460 0.95460 0.89281 0.09687 
10 0.66470 0.65950 0.65860 0.65860 0.65830 0.65860 0.65890 0.65860 0.65920 0.65860 0.65936 0.00191 
100 0.54050 0.50390 0.49680 0.49440 0.49200 0.49350 0.49200 0.49010 0.49010 0.48980 0.49831 0.01542 
1250 0.32290 0.29540 0.29210 0.29020 0.28900 0.28900 0.28840 0.28870 0.28780 0.28840 0.29319 0.01069 
10000 0.14190 0.13730 0.13670 0.13610 0.13610 0.13550 0.13550 0.13580 0.13550 0.14100 0.13714 0.00235 
65534 0.04790 0.04300 0.04150 0.04120 0.04090 0.04090 0.05040 0.04060 0.04090 0.04090 0.04282 0.00345 
                          
  
 
3
4 
  68%Vmax (Volts)                     
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.50286 0.51360 0.64600 0.64580 0.64831 0.64872 0.64852 0.51904 0.64913 0.64913 0.60711 0.06587 
10 0.45200 0.44846 0.44785 0.44785 0.44764 0.44785 0.44805 0.44785 0.44826 0.44785 0.44836 0.00130 
100 0.36754 0.34265 0.33782 0.33619 0.33456 0.33558 0.33456 0.33327 0.33327 0.33306 0.33885 0.01048 
1250 0.21957 0.20087 0.19863 0.19734 0.19652 0.19652 0.19611 0.19632 0.19570 0.19611 0.19937 0.00727 
10000 0.09649 0.09336 0.09296 0.09255 0.09255 0.09214 0.09214 0.09234 0.09214 0.09588 0.09326 0.00160 
65534 0.03257 0.02924 0.02822 0.02802 0.02781 0.02781 0.03427 0.02761 0.02781 0.02781 0.02912 0.00235 
                          
  t68% (ms)                       
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 1.22400 1.41600 0.61200 0.60000 0.62400 0.61200 0.62400 1.52400 0.62400 0.63600 0.84960 0.37849 
10 2.70000 2.59200 2.58000 2.56800 2.56800 2.56800 2.58000 2.58000 2.59200 2.56800 2.58960 0.03992 
100 7.62000 6.43200 6.22800 6.00000 5.91600 5.97600 5.85600 5.79600 5.78400 5.77200 6.13800 0.56186 
1250 15.62400 14.34000 13.98000 13.95600 13.78800 13.80000 13.76400 13.78800 13.72800 13.77600 14.05440 0.58075 
10000 25.59600 25.60800 25.46400 25.44000 25.38000 25.09200 25.14000 25.47600 25.20000 25.32000 25.37160 0.18085 
65534 33.74400 33.84000 33.28800 32.72400 32.50800 33.14400 47.92800 32.37600 33.10800 32.96400 34.56240 4.72014 
                          
5 V Vmax (V)                       
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.49900 0.48860 0.39640 0.48620 0.48550 0.39610 0.39520 0.48550 0.48620 0.48550 0.46042 0.04471 
10 0.36190 0.34820 0.34520 0.34360 0.34300 0.34270 0.34240 0.34180 0.34210 0.34270 0.34536 0.00612 
100 0.27340 0.26030 0.25820 0.25700 0.25670 0.25700 0.25640 0.25600 0.25600 0.25600 0.25870 0.00533 
1250 0.17520 0.16020 0.15750 0.15660 0.15530 0.15500 0.15470 0.15440 0.15440 0.15410 0.15774 0.00642 
10000 0.09000 0.07840 0.07930 0.07480 0.07420 0.08150 0.07390 0.07320 0.07320 0.07350 0.07720 0.00537 
65534 0.04120 0.02990 0.02750 0.02660 0.02590 0.02560 0.02560 0.02500 0.02500 0.02470 0.02770 0.00499 
                          
  
 
3
5 
  68%Vmax (Volts)                     
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.33932 0.33225 0.26955 0.33062 0.33014 0.26935 0.26874 0.33014 0.33062 0.33014 0.31309 0.03040 
10 0.24609 0.23678 0.23474 0.23365 0.23324 0.23304 0.23283 0.23242 0.23263 0.23304 0.23484 0.00416 
100 0.18591 0.17700 0.17558 0.17476 0.17456 0.17476 0.17435 0.17408 0.17408 0.17408 0.17592 0.00363 
1250 0.11914 0.10894 0.10710 0.10649 0.10560 0.10540 0.10520 0.10499 0.10499 0.10479 0.10726 0.00436 
10000 0.06120 0.05331 0.05392 0.05086 0.05046 0.05542 0.05025 0.04978 0.04978 0.04998 0.05250 0.00365 
65534 0.02802 0.02033 0.01870 0.01809 0.01761 0.01741 0.01741 0.01700 0.01700 0.01680 0.01884 0.00339 
                          
  t68% (ms)                       
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.88800 0.76800 1.71600 0.74400 0.72000 1.68000 1.69200 0.70800 0.73200 0.73200 1.03800 0.45689 
10 3.50400 2.91600 2.83200 2.72400 2.73600 2.70000 2.73400 2.71200 2.72400 2.73600 2.83180 0.24536 
100 7.34400 6.32400 6.12000 5.95200 5.97600 5.90400 5.91600 5.89200 5.85600 5.89200 6.11760 0.45346 
1250 16.71600 14.82000 14.46000 14.35200 13.93200 14.04000 13.88400 13.83600 13.89600 13.70400 14.36400 0.89471 
10000 26.68600 25.50000 27.48000 24.85200 24.67200 29.14800 24.30000 24.19200 24.43200 24.54000 25.58020 1.66297 
65534 33.34800 31.92000 31.39200 30.92400 29.97600 30.04800 30.81600 28.81200 28.83600 29.90400 30.59760 1.39682 
                          
2.5 V Vmax (V)                       
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.26950 0.25540 0.25120 0.25020 0.24900 0.20390 0.24780 0.24720 0.24780 0.20230 0.24243 0.02175 
10 0.18250 0.17640 0.17520 0.17490 0.17430 0.17430 0.17400 0.17400 0.17430 0.17430 0.17542 0.00259 
100 0.14010 0.13310 0.13210 0.13120 0.13120 0.13090 0.13060 0.13060 0.13060 0.13030 0.13207 0.00294 
1250 0.09060 0.08420 0.08300 0.08210 0.08180 0.08180 0.08120 0.08090 0.08120 0.08090 0.08277 0.00294 
10000 0.04970 0.04430 0.04300 0.04240 0.04210 0.04210 0.04180 0.04150 0.04150 0.04180 0.04302 0.00249 
65534 0.02170 0.01800 0.01710 0.01680 0.01650 0.01620 0.01620 0.01620 0.01650 0.01650 0.01717 0.00168 
                          
  
 
3
6 
  68%Vmax (Volts)                     
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.18326 0.17367 0.17082 0.17014 0.16932 0.13865 0.16850 0.16810 0.16850 0.13756 0.16485 0.01479 
10 0.12410 0.11995 0.11914 0.11893 0.11852 0.11852 0.11832 0.11832 0.11852 0.11852 0.11929 0.00176 
100 0.09527 0.09051 0.08983 0.08922 0.08922 0.08901 0.08881 0.08881 0.08881 0.08860 0.08981 0.00200 
1250 0.06161 0.05726 0.05644 0.05583 0.05562 0.05562 0.05522 0.05501 0.05522 0.05501 0.05628 0.00200 
10000 0.03380 0.03012 0.02924 0.02883 0.02863 0.02863 0.02842 0.02822 0.02822 0.02842 0.02925 0.00170 
65534 0.01476 0.01224 0.01163 0.01142 0.01122 0.01102 0.01102 0.01102 0.01122 0.01122 0.01168 0.00115 
                          
  t68% (ms)                       
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 1.52400 0.99600 0.85200 0.80400 0.78000 1.78800 0.75600 0.76800 0.76800 1.76400 1.08000 0.43348 
10 3.42000 2.89200 2.83200 2.78400 2.70000 2.76000 2.72400 2.68800 2.74800 2.72400 2.82720 0.21734 
100 7.38000 6.27600 6.27600 6.01200 5.95200 5.83200 5.90400 5.90400 5.78400 5.68800 6.10080 0.48856 
1250 15.72000 14.26800 13.63200 13.52400 13.72800 13.35600 12.91200 13.29600 13.04400 13.52400 13.70040 0.80300 
10000 25.24800 23.62800 22.99200 22.87200 22.35600 22.32000 22.47200 22.23600 22.32000 22.62600 22.90700 0.92615 
65534 28.94400 25.65600 23.67600 22.78800 20.48400 21.27600 22.87200 22.90800 21.57600 21.13200 23.13120 2.52894 
 
Table 7: Summary of Vmax data for the 220 µF electrolytic capacitor. Short time (ts) is in ms, Vmax is in volts, averages and standard deviations are listed at the 
right. Each row represents 10 charge/short/cycles and are numbered 1-10. This table represents data taken for 10V, 5 V and 2.5V charging voltages. Within each 
charging voltage the Vmax vs ts data is shown, followed by 68%Vmax vs ts, followed by a table of t68% vs. ts. All times are expressed in milliseconds. Blank cells 
represent unusable data. 
10 V Vmax (V)                       
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.51670 0.48550 0.48100 0.47580 0.47880 0.47790 0.47760 0.47730     0.48383 0.01362 
10 0.50840 0.47180 0.46570 0.46360 0.46230 0.46110 0.45780 0.46020 0.45990 0.45650 0.46673 0.01527 
100 0.41720 0.38640 0.38180 0.38030 0.37930 0.37840 0.37840 0.37840 0.37780   0.38422 0.01265 
  
 
3
7 
1200 0.26830 0.23440 0.22800 0.22550 0.22430 0.22310 0.22250 0.22220 0.22190 0.22190 0.22921 0.01427 
5000 0.16360   0.13120 0.13030 0.13000   0.12910       0.13684 0.01498 
                          
                          
  68%Vmax (Volts)                     
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.35136 0.33014 0.32708 0.32354 0.32558 0.32497 0.32477 0.32456     0.32900 0.00926 
10 0.34571 0.32082 0.31668 0.31525 0.31436 0.31355 0.31130 0.31294 0.31273 0.31042 0.31738 0.01038 
100 0.28370 0.26275 0.25962 0.25860 0.25792 0.25731 0.25731 0.25731 0.25690   0.26127 0.00860 
1200 0.18244 0.15939 0.15504 0.15334 0.15252 0.15171 0.15130 0.15110 0.15089 0.15089 0.15586 0.00970 
5000 0.11125   0.08922 0.08860 0.08840   0.08779       0.09305 0.01019 
                          
                          
  t68% (ms)                       
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 4.43000 3.57000 3.45000 3.47000 3.40000 3.32000 3.39000 3.37000     3.55000 0.36344 
10 5.10000 4.09000 3.89000 3.73000 3.82000 3.74000 3.70000 3.74000 3.71000 3.77000 3.92900 0.42782 
100 6.95000 5.88000 5.56000 5.59000 5.53000 5.47000 5.51000 5.49000 5.68000   5.74000 0.47098 
1200 14.93000 13.24000 12.77000 12.64000 12.31000 12.30000 12.22000 12.20000 12.17000 12.10000 12.68800 0.86313 
5000 21.11000   19.29000 18.57000 18.97000   19.09000       19.40600 0.98817 
                          
                          
5 V Vmax (V)                       
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.25330 0.24320 0.24200 0.24110 0.24110 0.24080 0.24080 0.24050 0.24080 0.24080 0.24244 0.00390 
10 0.23290 0.23250 0.23250 0.23220   0.23220 0.23220 0.23220 0.23220   0.23236 0.00026 
100 0.20170 0.19500 0.19350 0.19380 0.19380 0.19320 0.19320 0.19320 0.19350   0.19454 0.00274 
  
 
3
8 
1200 0.12940 0.11690 0.11630 0.11600 0.11570 0.11570 0.11570 0.11540 0.11510   0.11736 0.00455 
5000   0.07970 0.07660 0.07510 0.07390 0.07320 0.07230   0.07170   0.07464 0.00278 
                          
                          
  68%Vmax (Volts)                     
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.17224 0.16538 0.16456 0.16395 0.16395 0.16374 0.16374 0.16354 0.16374 0.16374 0.16486 0.00265 
10 0.15837 0.15810 0.15810 0.15790   0.15790 0.15790 0.15790 0.15790   0.15801 0.00017 
100 0.13716 0.13260 0.13158 0.13178 0.13178 0.13138 0.13138 0.13138 0.13158   0.13229 0.00186 
1250 0.08799 0.07949 0.07908 0.07888 0.07868 0.07868 0.07868 0.07847 0.07827   0.07980 0.00309 
5000   0.05420 0.05209 0.05107 0.05025 0.04978 0.04916   0.04876   0.05076 0.00189 
                          
                          
  t68% (ms)                       
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 4.12000 3.55000 3.51000 3.52000 3.41000 3.48000 3.42000 3.45000 3.45000 3.43000 3.53400 0.21099 
10 3.83000 3.81000 3.84000 3.79000   3.68000 3.76000 3.67000 3.66000   3.75500 0.07464 
100 6.26000 5.76000 5.60000 5.50000 5.63000 5.51000 5.57000 5.62000 5.61000 5.58000 5.66400 0.22137 
1250 13.96000 12.08000 12.44000 12.34000 12.02000 12.13000 11.98000 12.50000 11.92000   12.37444 0.62943 
5000   20.39000 19.50000 19.39000 18.83000 19.24000 18.61000   18.30000   19.18000 0.68751 
                          
                          
2.5 V Vmax (V)                       
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.12820 0.12480 0.12450 0.12390 0.12420 0.12420 0.12390 0.12420 0.12420   0.12468 0.00135 
10 0.12630 0.12050 0.12020 0.12020 0.12020 0.12020 0.12050 0.11990 0.12020   0.12091 0.00203 
100 0.10280 0.10100 0.10070 0.10070 0.10070 0.10070 0.10100 0.10070     0.10104 0.00072 
  
 
3
9 
1200 0.07020 0.06380 0.06260 0.06230 0.06130 0.06160 0.06130 0.06130     0.06305 0.00302 
5000 0.03480 0.03720 0.03720 0.03750 0.03780 0.03810 0.03810 0.03810 0.03810   0.03743 0.00106 
                          
                          
  68%Vmax (Volts)                     
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.08718 0.08486 0.08466 0.08425 0.08446 0.08446 0.08425 0.08446 0.08446   0.08478 0.00092 
10 0.08588 0.08194 0.08174 0.08174 0.08174 0.08174 0.08194 0.08153 0.08174   0.08222 0.00138 
100 0.06990 0.06868 0.06848 0.06848 0.06848 0.06848 0.06868 0.06848     0.06871 0.00049 
1200 0.04774 0.04338 0.04257 0.04236 0.04168 0.04189 0.04168 0.04168     0.04287 0.00205 
5000 0.02366 0.02530 0.02530 0.02550 0.02570 0.02591 0.02591 0.02591 0.02591   0.02545 0.00072 
                          
                          
  t68% (ms)                       
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 3.70000 3.46000 3.35000 3.28000 3.35000 3.29000 3.24000 3.33000 3.26000   3.36222 0.14246 
10 4.31000 3.68000 3.64000 3.62000 3.57000 3.59000 3.63000 3.66000 3.61000   3.70111 0.23078 
100 5.72000 5.51000 5.35000 5.39000 5.24000 5.25000 5.34000 5.30000     5.38750 0.15926 
1200 13.70000 12.04000 11.04000 11.04000 10.95000 11.37000 10.96000 11.02000     11.51500 0.95576 
5000 13.77000 14.95000 14.69000 15.06000 15.20000 15.35000 15.05000 15.61000 15.50000   15.02000 0.54756 
 
Table 8: Summary of Vmax data for the 0.05 µF PIO capacitor. Short time (ts) is in ms, Vmax is in volts, averages and standard deviations are listed at the right. 
Each row represents 10 charge/short/cycles and are numbered 1-10. This table represents data taken for 10V, 5 V and 2.5V charging voltages. Within each 
charging voltage the Vmax vs ts data is shown, followed by 68%Vmax vs ts, followed by a table of t68% vs. ts. All times are expressed in milliseconds. Blank cells 
represent unusable data. 
10 V Vmax (V)                       
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
  
 
4
0 
1 4.11020 4.11170 4.11564 4.12176 4.11839 4.12239 4.12332 4.12451 4.12270 4.12664 4.11972 0.00555 
10 3.99239 3.99270 3.99207 3.99207 3.99514 3.99420 3.97714 3.99514 3.99601 3.99939 3.99262 0.00590 
100 3.49463 3.49276 3.49338 3.49551 3.49613 3.49738 3.49770 3.49920 3.50045 3.50195 3.49691 0.00301 
1000 2.80432 2.79026 2.78326 2.78232 2.78113 2.78263 2.78113 2.78263 2.78170 2.78170 2.78511 0.00726 
10000 2.04713 2.03619 2.02994 2.02363 2.02063 2.02063 2.01813 2.01813 2.01788 2.01813 2.02504 0.00984 
65534 1.53232 1.47613 1.44319 1.42307 1.40900 1.39957 1.39257 1.47525 1.42913 1.40538 1.43856 0.04411 
                          
  68%Vmax (Volts)                     
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 2.79494 2.79596 2.79863 2.80280 2.80050 2.80322 2.80386 2.80467 2.80344 2.80611 2.80141 0.00378 
10 2.71482 2.71503 2.71461 2.71461 2.71669 2.71605 2.70445 2.71669 2.71729 2.71958 2.71498 0.00401 
100 2.37635 2.37508 2.37550 2.37695 2.37737 2.37822 2.37843 2.37945 2.38030 2.38132 2.37790 0.00204 
1000 1.90694 1.89738 1.89262 1.89198 1.89117 1.89219 1.89117 1.89219 1.89155 1.89155 1.89387 0.00493 
10000 1.39205 1.38461 1.38036 1.37607 1.37403 1.37403 1.37233 1.37233 1.37216 1.37233 1.37703 0.00669 
65534 1.04198 1.00377 0.98137 0.96769 0.95812 0.95171 0.94695 1.00317 0.97181 0.95566 0.97822 0.02999 
                          
  t68% (ms)                       
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.13000 0.13000 0.15000 0.12000 0.13000 0.15000 0.14000 0.13000 0.15000 0.14000 0.13700 0.01059 
10 0.16000 0.15000 0.18000 0.18000 0.14000 0.15000 0.15000 0.15000 0.15000 0.14000 0.15500 0.01434 
100 0.30000 0.30000 0.31000 0.31000 0.31000 0.30000 0.31000 0.30000 0.31000 0.31000 0.30600 0.00516 
1000 1.02000 1.03000 1.02000 0.96000 1.02000 1.03000 1.01000 1.01000 0.96000 1.01000 1.00700 0.02584 
10000 3.27000 3.47000 3.43000 3.54000 3.43000 3.54000 3.48000 3.49000 3.45000 3.44000 3.45400 0.07619 
65534 12.21000 14.09000 14.48000 14.76000 15.04000 15.27000 15.50000 14.03000 15.28000 15.47000 14.61300 1.00040 
                          
5 V Vmax (V)                       
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
  
 
4
1 
1 2.83454 2.81314 2.80794 2.80094 2.80094 2.79727 2.79847 2.79634 2.79727 2.81485 2.80617 0.01202 
10 2.85801 2.79054 2.77167 2.76034 2.75947 2.75001 2.75547 2.75334 0.00000 2.78640 2.49853 0.87847 
100 2.52601 2.52047 2.51374 2.51501 2.51254 2.51374 2.51194 2.51374 2.51287 2.52079 2.51609 0.00468 
1000 2.13841 2.20434 2.13047 2.10327 2.09901 2.09047 2.09174 2.08527 2.08774 2.12597 2.11567 0.03659 
10000 1.70294 1.65440 1.63487 1.61534 1.60860 1.59607 1.59274 1.58447 1.58267 1.63892 1.62110 0.03764 
65534 1.40594 1.30680 1.25487 1.21734 1.18747 1.16307 1.14167 1.12307 1.10660 1.24156 1.21484 0.09203 
                          
  68%Vmax (Volts)                     
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 1.92749 1.91294 1.90940 1.90464 1.90464 1.90215 1.90296 1.90151 1.90215 1.91410 1.90820 0.00818 
10 1.94345 1.89757 1.88474 1.87703 1.87644 1.87001 1.87372 1.87227 0.00000 1.89475 1.69900 0.59736 
100 1.71769 1.71392 1.70934 1.71021 1.70853 1.70934 1.70812 1.70934 1.70875 1.71414 1.71094 0.00319 
1000 1.45412 1.49895 1.44872 1.43023 1.42732 1.42152 1.42238 1.41799 1.41966 1.44566 1.43866 0.02488 
10000 1.15800 1.12500 1.11171 1.09843 1.09385 1.08533 1.08306 1.07744 1.07622 1.11446 1.10235 0.02560 
65534 0.95604 0.88863 0.85331 0.82779 0.80748 0.79089 0.77634 0.76369 0.75249 0.84426 0.82609 0.06258 
                          
  t68% (ms)                       
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.28000 0.26000 0.27000 0.26000 0.25000 0.25000 0.24000 0.26000 0.25000 0.26000 0.25800 0.01135 
10 0.33000 0.34000 0.33000 0.32000 0.32000 0.26000 0.30000 0.29000 0.31000   0.31111 0.02472 
100 0.52000 0.46000 0.50000 0.51000 0.51000 0.51000 0.51000 0.51000 0.50000 0.51000 0.50400 0.01647 
1000 1.28000 1.27000 1.15000 1.28000 1.21000 1.26000 1.21000 1.27000 1.27000 1.27000 1.24700 0.04296 
10000 2.72000 2.77000 2.89000 2.83000 2.89000 2.97000 2.97000 2.95000 3.00000 3.00000 2.89900 0.09814 
65534 5.53000 6.62000 7.42000 7.71000 7.90000 8.08000 8.25000 8.45000 8.56000 8.79000 7.73100 0.99562 
                          
2.5 V Vmax (V)                       
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
  
 
4
2 
1 2.03401 1.86008 1.80544 1.77765 1.75908 1.74687 1.73737 1.72944 1.72337 1.71787 1.78912 0.09646 
10 1.74380 1.71180 1.69894 1.69465 1.68915 1.68644   1.68122 1.68122   1.69840 0.02095 
100 1.70230 1.67640 1.66410 1.66050 1.65620 1.65560 1.65320 1.65320 1.65190 1.65130 1.66247 0.01592 
1250 1.55790 1.51670 1.53110 1.50150 1.48650 1.48320 1.47740 1.51310 1.48840 1.47800 1.50338 0.02636 
5000 1.32660 1.30980 1.29850 1.29490 1.29060 1.28850 1.28570 1.28390 1.28080   1.29548 0.01458 
65534 0.94790 0.87680 0.83920 0.81480 0.79620 0.78100 0.75750 0.74770 0.73880   0.81110 0.06808 
                          
  68%Vmax (Volts)                     
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 1.38313 1.26486 1.22770 1.20880 1.19618 1.18787 1.18141 1.17602 1.17189 1.16815 1.21660 0.06559 
10 1.18578 1.16402 1.15528 1.15236 1.14862 1.14678   1.14323 1.14323   1.15491 0.01425 
100 1.15756 1.13995 1.13159 1.12914 1.12622 1.12581 1.12418 1.12418 1.12329 1.12288 1.13048 0.01083 
1250 1.05937 1.03136 1.04115 1.02102 1.01082 1.00858 1.00463 1.02891 1.01211 1.00504 1.02230 0.01792 
5000 0.90209 0.89066 0.88298 0.88053 0.87761 0.87618 0.87428 0.87305 0.87094   0.88092 0.00991 
65534 0.64457 0.59622 0.57066 0.55406 0.54142 0.53108 0.51510 0.50844 0.50238   0.55155 0.04630 
                          
  t68% (ms)                       
Ts (ms) 1 2 3 4 5 6 7 8 9 10 AVG STD 
1 0.61000 0.49000 0.44000 0.43000 0.43000 0.42000 0.40000 0.40000 0.32000 0.39000 0.43300 0.07573 
10 0.45000 0.42000 0.41000 0.39000 0.41000 0.40000   0.39000 0.39000   0.40750 0.02053 
100 0.74000 0.68000 0.72000 0.65000 0.70000 0.71000 0.70000 0.71000 0.70000 0.71000 0.70200 0.02394 
1250 1.75000 1.83000 1.83000 1.81000 1.74000 1.78000 1.78000 1.73000 1.78000 1.78000 1.78100 0.03479 
5000 2.92000 3.01000 2.95000 2.91000 2.91000 2.99000 2.95000 2.95000 2.99000   2.95333 0.03674 
65534 11.97000 13.04000 13.21000 13.38000 13.43000 13.39000 13.50000 13.63000 13.59000   13.23778 0.50919 
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APPENDIX B – Additional Charts and Figures 
 
 
Figure 7: Plot of t68% vs. natural logarithm of ts for a 10 µF X7R capacitor in parallel with a 10 µF 
electrolytic capacitor for charge voltages of 10, 5 and 2.5 volts. 
 
 
Figure 8: Plot of Vmax after 65 seconds vs. natural logarithm of ts for a 10 µF ceramic in parallel with a 10 
µF Electrolytic capacitor for 10V, 5 V and 2.5 V charge voltage for 65 seconds. The plot displays near-
linearity which can be explained by the relationship between absorption signal and short time in equation 2. 
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Figure 9: Plot of t68% vs. natural logarithm of ts for a 0.47 µF Y5V capacitor for charge voltages of 10, 5 
and 2.5 volts. 
 
 
Figure 10: Plot of Vmax after 65 seconds vs. natural logarithm of ts for a 0.47 µF Y5V ceramic capacitor 
for 10V, 5 V and 2.5 V charge voltage for 65 seconds. The plot displays near-linearity which can be 
explained by the relationship between absorption signal and short time in equation 2. 
0
5
10
15
20
25
30
35
40
0 2 4 6 8 10 12
T
6
8
%
 (
m
s)
ln(ts) (ms)
t68% vs. ln(ts) for 0.47 µF Capacitor at 10, 5, and 2.5 V
10 V
5 V
2.5 V
Vmax = -0.0265ln(ts )+ 0.3598
R² = 0.9788
Vmax= -0.0173ln(ts )+ 0.2379
R² = 0.9745
Vmax= -0.0119ln(ts )+ 0.1571
R² = 0.9858
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0 2 4 6 8 10 12
V
m
ax
 (
V
o
lt
s)
ln(ts) (ms)
Vmax vs. ln(ts) for 0.47 µF Capacitor at 10, 5 and 2.5 V
10 V
5 V
2.5 V
 45 
 
4
5
  
Figure 11: Plot of t68% vs. natural logarithm of ts for a 10 µF electrolytic capacitor for charge voltages of 
10, 5 and 2.5 volts. 
 
 
Figure 12: Plot of Vmax after 65 seconds vs. natural logarithm of ts for a 10 µF Electrolytic capacitor for 
10V, 5 V and 2.5 V charge voltage for 65 seconds. The plot displays near-linearity which can be explained 
by the relationship between absorption signal and short time in equation 2. 
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Figure 13: Plot of t68% vs. natural logarithm of ts for a 220 µF electrolytic capacitor for charge voltages of 
10, 5 and 2.5 volts. 
 
 
Figure 14: Plot of Vmax after 65 seconds vs. natural logarithm of ts for a 220 µF electrolytic capacitor for 
10V, 5 V and 2.5 V charge voltage for 65 seconds. The plot displays near-linearity which can be explained 
by the relationship between absorption signal and short time in equation 2. 
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Figure 15: Plot of t68% vs. natural logarithm of ts for a 0.05 µF PIO capacitor for charge voltages of 10, 5 
and 2.5 volts. 
 
 
Figure 16: Plot of Vmax after 65 seconds vs. natural logarithm of ts for a 0.05 µF PIO capacitor for 10V, 5 
V and 2.5 V charge voltage for 65 seconds. The plot displays near-linearity which can be explained by the 
relationship between absorption signal and short time in equation 2. 
 
0
2
4
6
8
10
12
14
16
0 2 4 6 8 10 12
T
6
8
%
 (
m
s)
ln(ts) (ms)
t68% vs. ln(ts) for a 0.05 µF PIO Capacitor at 10, 5, and 2.5 V
10 V
5 V
2.5 V
Vmax = -0.2543ln(ts )+ 4.4225
R² = 0.9628
Vmax = -0.1393ln(ts) + 2.9207
R² = 0.9291
Vmax = -0.0787ln(ts )+ 1.9075
R² = 0.8312
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
0 2 4 6 8 10 12
V
m
ax
 (
V
o
lt
s)
ln(ts) (ms)
Vmax vs. ln(ts) for a 0.05 µF PIO Capacitor at 10, 5 and 2.5 V
10 V
5 V
2.5 V
 48 
 
4
8
 
 
Figure 17: Left: Plot of the absorption curves over a 65 second interval for each of the capacitors 
examined. Short time was 1 ms, charge voltage was 5 volts. Right: A plot of the absorption curves over a 
65 second interval for each capacitor examined excluding the paper-in-oil capacitor. Short time was 1 ms, 
charge voltage was 5V. 
 
 
Figure 18 : Left: Plot of the absorption curves over a 65 second interval for each of the capacitors 
examined. Short time was 1 ms, charge voltage was 2.5 volts. Right: A plot of the absorption curves over a 
65 second interval for each capacitor examined excluding the paper-in-oil capacitor. Short time was 1 ms, 
charge voltage was 2.5V. 
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Figure 19: Plot of the dielectric absorption signal in time for a 10 µF X7R ceramic capacitor at varying ts 
for a charge voltage of (top left) 2.5V (top right) 5 V and (bottom) 10V. 
 
 
 
 
 
 
 
 50 
 
5
0
 
 
 
Figure 20: Plot of the dielectric absorption signal in time for a 10 µF X7R ceramic capacitor in parallel 
with a 10 µF electrolytic capacitor at varying ts for a charge voltage of (top left) 2.5V (top right) 5 V and 
(bottom) 10V. 
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Figure 21: Plot of the dielectric absorption signal in time for a 0.47 µF Y5V ceramic capacitor at varying ts 
for a charge voltage of (top left) 2.5V (top right) 5 V and (bottom) 10V. 
 
 
 
 
Figure 22: Plot of the dielectric absorption signal in time for a 10 µF electrolytic capacitor at varying ts for 
a charge voltage of (left) 5V and (right) 10 V. 
 52 
 
5
2
 
 
 
 
Figure 23: Plot of the dielectric absorption signal in time for a 220 µF electrolytic capacitor at varying ts 
for a charge voltage of (top left) 2.5V (top right) 5 V and (bottom) 10V. 
 
 
 
 
 
 
 53 
 
5
3
 
 
 
Figure 24: Plot of the dielectric absorption signal in time for a 0.05 µF PIO capacitor at varying ts for a 
charge voltage of (top left) 2.5V (top right) 5 V and (bottom) 10V. 
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APPENDIX C – Matlab Code 
%Curve_Breaker_1_1.m 
% 
%This script runs code that breaks down a dielectric relaxation signal 
%received as a comma separated file from acquisition circuitry 
developed by 
%Zack Cashion in the Tissue Engineering Systems Laboratory at the 
%University of North Carolina at Chapel Hill under the direction of 
Robert 
%G. Dennis Ph.D. 
  
%----------------------------------------------------------------------
---- 
%--define local and global variables 
%----------------------------------------------------------------------
---- 
global raw_signal 
global charging_signal 
global soakage_signal 
global n_raw 
global n_soakage 
global n_charging 
global n_shorting 
global f_soakage 
global settings 
global Vc 
global maxima 
global V_final 
global leakage 
global average_time_constants 
  
save_data = 'y'; 
save_local = 'y'; 
plot_on = 'n'; 
slash = '\'; 
sample_time = 0.012; 
  
resolution = 16; 
Vshort = 0; 
kernel = 'median'; 
degree = 3; 
%----------------------------------------------------------------------
---- 
%--Determine input parameters from the user 
%----------------------------------------------------------------------
---- 
filename = input('\n What is the name of the file you want to load? 
(example: filename.txt): ','s'); 
save_data = input('\n Would you like to save the data to a text file 
y/[n]: ','s'); 
if(save_data == 'y') 
    save_local = input('\n Would you like to save the output file in 
the current directory y/[n]? ','s'); 
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end 
if(save_local == 'n') 
    output_file_location = input('\n Where would you like to save the 
output data? (example: C:\\Users\\username\\desktop\\): ','s'); 
end 
resolution = input('\n What is the bit resolution of the input signal? 
(example: 2, 4, 8, 16): '); 
Vshort = input('\n What is the Shorting voltage? (in volts): '); 
plot_on = input('\n Would you like to plot the output curves y/[n]? 
','s'); 
kernel = input('\n What type of filter would you like to use? (example: 
Median, Statistical...): ','s'); 
degree = input('\n What rank filter would you like to use to filter 
your data? (example: 2,3...default is 3): '); 
if(save_data == 'y');   
    if(save_local == 'y') 
        filepath = strcat(pwd,slash,'output_',filename); 
        settings_path = strcat(pwd,slash,'settings_',filename); 
    else 
        filepath = 
strcat(output_file_location,slash,'output_',filename); 
        settings_path = 
strcat(output_file_location,slash,'settings_',filename); 
    end 
end 
     
%----------------------------------------------------------------------
---- 
%--Run Specified programs that break down the curve 
%----------------------------------------------------------------------
---- 
%Separate the incoming data into the charging, shorting and soakage 
signals 
%then normalize the signals and determine the Vmax, and t68% 
  
[raw_signal soakage_signal charging_signal shorting_signal Vc settings] 
= separator_2(filename); 
n_raw = normalizer(raw_signal,resolution,Vc); 
n_soakage = normalizer(soakage_signal,resolution,Vc); 
n_charging = normalizer(charging_signal,resolution,Vc); 
n_shorting = normalizer(shorting_signal,resolution,Vc); 
f_soakage = filterer_1_1(n_soakage,degree,kernel); 
to_writer = f_soakage'; 
  
[maxima V_final leakage average_time_constants] = 
find_maxima(f_soakage,sample_time); 
%----------------------------------------------------------------------
---- 
%--Write the data to a txt file as defined above 
%----------------------------------------------------------------------
---- 
data_writer(to_writer,filepath); 
data_writer(settings,settings_path); 
%----------------------------------------------------------------------
---- 
%--plot all of the different output variables in two figures...later 
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%--this will include plots from as many signals as we obtain 
%--from the regression analysis. 
%----------------------------------------------------------------------
---- 
if(plot_on == 'y'); 
    figure(1) 
    subplot(2,1,1)  
    plot(n_charging) 
    title('Charging') 
    subplot(2,1,2) 
    plot(n_shorting) 
    title('Shorting') 
  
    figure(2) 
    subplot(2,1,1) 
    plot(f_soakage) 
    title('Filtered Soakage Signal') 
    subplot(2,1,2) 
    plot(n_soakage) 
    title('Unfiltered Soakage Signal') 
end 
  
%----------------------------------------------------------------------
---- 
%--clear the variables from the workspace to free up variable space and 
%-- memory 
%----------------------------------------------------------------------
---- 
clear filename kernel degree resolution ... 
    Vmax Vshort Vc ans slash plot_on 
 
Curve_Breaker function used to separate the incoming data into charging, shorting and 
reading vectors: 
%The separator_2 function takes input data and separates the data based 
on 
%cycle phase. It creates 3 matrices containing the charging signal 
%(charging_signal), Shorting signal (shorting_signal) and the soakage 
%signal (soakage_signal) as well as an original complete data signal 
%(raw_signal). The fuction also returns the charging voltage, Vc, and 
the 
%settings under which the dielectric was tested. 
% 
%Syntax: 
%[raw_signal soakage_signal charging_signal shorting_signal ... 
% Vc settings] = separator_2(filename) 
% 
% example: [Raw Soakage charging Shorting Vc Settings] = 
%   separator_2('data.txt') 
% 
% filename = 'filename.txt' is a two column data array containing the 
% charging signal and charge phase information. 
% 
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% resolution = decimal representation of the number of bits contained 
in 
% each data point (ex: if the maximum value of a data point is 65534, 
then 
% the resolution is 16 bits) 
% 
% Vshort = the shorting voltage of the capacitor in volts.  
% 
% Freely distributed by: Devin K. Hubbard and Avery T. Cashion 
  
function [raw_signal soakage_signal charging_signal shorting_signal Vc 
settings] = ... 
    separator_2(filename) 
     
    settings = zeros(5,1); 
    raw_signal = load(filename);       %load data     
    [datapoints, status] = size(raw_signal); %find out how much data 
(rows, colums) 
     
    [number_of_settings,Vc,Tc,Tr,Ts,cycles] = 
capture_settings(raw_signal); 
     
    [charging_signal soakage_signal shorting_signal] = 
capture_signal(raw_signal); 
     
     
%-------------------% 
%-Capture Settings--% 
%-------------------% 
    function [number_of_settings,Vc,Tc,Tr,Ts,cycles] = 
capture_settings(data) 
        number_of_settings = 0; 
        for i = 1:20 
            if(data(i,2) == 0) 
                number_of_settings = number_of_settings+1; 
            end 
        end 
        Vc = data(1,1); %charge voltage 
        Tc = data(2,1); %charge time (ms) 
        Tr = data(3,1); %read time (ms) 
        Ts = data(4,1); %short time (ms) 
        cycles = data(5,1); 
        settings(1,1) = Vc; 
        settings(2,1) = Tc; 
        settings(3,1) = Tr; 
        settings(4,1) = Ts; 
        settings(5,1) = cycles; 
    end 
  
%------------------% 
%-Capture Signal---% 
%------------------% 
    function [charging_signal soakage_signal shorting_signal] = 
capture_signal(data) 
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        soakage_signal_1 = zeros(datapoints-number_of_settings,cycles);       
%initialize the soakage vector 
        charging_signal_1 = zeros(datapoints-
number_of_settings,cycles);      %initialize the charging vector 
        shorting_signal_1 = zeros(datapoints-
number_of_settings,cycles);       %initialize the Shorting vector 
        n = 1; %these counters are used to increment the vector 
positions 
        m = 1; 
        k = 1; 
        l = 1; 
        n_1 = 1; 
        k_1 = 1; 
        l_1 = 1; 
         
        for i = 2:datapoints 
            if(data(i,2) == 1) 
                charging_signal_1(n,m) = data(i,1); 
                n = n+1; 
            elseif(data(i,2) == 2) 
                shorting_signal_1(k,m) = data(i,1); 
                k = k+1; 
            elseif(data(i,2) == 3) 
                soakage_signal_1(l,m) = data(i,1); 
                l = l+1; 
            end 
            if(data(i-1,2) - data(i,2) == 2) %if we go from reading to 
charging, then increment m which is the current cycle number. 
                if(n > n_1) 
                    n_1 = n; 
                end 
                if(k > k_1) 
                    k_1 = k; 
                end 
                if(l > l_1) 
                    l_1 = l; 
                end 
                 
                m = m+1; 
                n = 1;                          %reset the vector 
positions 
                k = 1; 
                l = 1; 
            end 
        end 
        soakage_signal = zeros(l_1,cycles);       %initialize the 
soakage vector 
        charging_signal = zeros(n_1,cycles);      %initialize the 
charging vector 
        shorting_signal = zeros(k_1,cycles);       %initialize the 
Shorting vector 
         
        for r = 1:cycles 
            soakage_signal(:,r) = soakage_signal_1(1:l_1,r); 
            charging_signal(:,r) = charging_signal_1(1:n_1,r); 
            shorting_signal(:,r) = shorting_signal_1(1:k_1,r); 
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        end 
    end 
end 
 
Normalizer Function: 
%Normalizer function 
%this function takes a data array and the data resolution and converts 
it 
%into a voltage on a 10 volt scale 
  
function [proper_signal] = normalizer(data,resolution) 
  
  
    resolution = 2.^(resolution) - 1;           %convert the resolution 
to binary  
     
    normalized_signal = data/resolution;    %normalize the Raw signal 
to signal resolution 
    proper_signal = normalized_signal*10;     %Convert the normalized 
raw signal into a voltage 
 
Filterer_1_1 function: 
%FILTERER one-dimensional data filter with adjustable kernel. 
%      
%     This function is used to select from a variety of filters that 
can be used 
%     on a 1-D vector. The currently built in filters include a median 
filter, 
%     and a statistical filter. The statistical filter is not finished 
%     yet, but it will take Mean and STD and filter the signal by 
removing 
%     the outliers (i.e. 2 std dev) off of the mean. 
%      
%     Syntax: 
%     [filtered_data] = filterer(Soakage_signal,degree,kernel) 
%      
%     Where Soakage_signal is a column vector containing the data to be 
%     filtered. Degree refers to the rank of the filter--which is the 
%     number of datapoints to be considered in the window in front and 
%     behind the current point. (i.e. a rank 3 filter will use 3 points 
%     ahead and 3 points behind for a total of 7 points in its window). 
The 
%     kernel refers to the type of filter (currently available filters 
are: 
%     'median' and 'statistical'). Data is returned in the vector 
%     filtered_data. 
  
  
function [filtered_data] = filterer_1_1(Soakage_signal,degree,kernel)   
    %------------------------------------------------------------------
---- 
    %--Initialization stuff 
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    %------------------------------------------------------------------
---- 
    [sarray_size,N] = size(Soakage_signal);     %size up the incoming 
data 
    extra_zeros = 2*degree;                     %this is the number of 
extra zeros to be placed around the incoming data 
    pfarray_size = sarray_size+extra_zeros;     %side of the 
pseudo_filtered_data array 
    pseudo_filtered_data(:,N) = zeros(sarray_size+extra_zeros,1); 
%initialize an array large enough to account for the degree of the 
filter 
    filtered_data = zeros(sarray_size,N);       %initialize the 
filtered_data array to be returned later 
     
    %------------------------------------------------------------------
---- 
    %-place the original data in an array with flanking zeros to 
compensate 
    %-for the degree of the filter 
    %------------------------------------------------------------------
---- 
    for j = 1:N 
        for i=1:sarray_size         %place the appropriate number of 
zeros at the beginning of the array 
            pseudo_filtered_data(i+((extra_zeros)/2),j) = 
Soakage_signal(i,j); 
        end 
    end 
  
    for j = 1:N 
        for i=1:(extra_zeros)/2     %fill in the end of the array with 
zeros to compensate for the degree of the filter 
            pseudo_filtered_data(sarray_size+(extra_zeros)/2+i,j) = 0; 
        end 
    end 
    %------------------------------------------------------------------
---- 
    %--Switch statements to determine which filter kernel to use 
    %------------------------------------------------------------------
----     
    switch lower(kernel)        %lower makes whatever you input lower 
case 
        case {'median'}         %select median filter 
            filtered_data = 
median_filter(pseudo_filtered_data,sarray_size,degree); 
        case {'statistical'}    %select statistical filter 
            filtered_data = 
statistical_filter(pseudo_filtered_data,sarray_size,degree); 
    end 
     
    %------------------------------------------------------------------
---- 
    %--Median Filter of Rank "degree" 
    %------------------------------------------------------------------
---- 
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    function [filtered_data]= 
median_filter(pseudo_filtered_data,sarray_size,degree) 
        filtered_data = zeros(sarray_size,N); 
        window_size = zeros(2*degree+1,1);                  %creates a 
vector used as a sliding window 
      for j = 1:N 
        for i=1:sarray_size 
           n = 1;                                       %predefine the 
counter used to store the current value in the window size vector 
           for k = i:i+2*degree                         %scan from the 
current point to the end of the window 
                window_size(n,1) = pseudo_filtered_data(k,j); 
                n=n+1; 
           end 
           filtered_data(i,j) = median(window_size);    %place the 
median of the current window into i'th filtered_data position 
        end 
      end 
    end 
  
  
    %------------------------------------------------------------------
---- 
    %--Statistical Filter of Rank "degree" 
    %------------------------------------------------------------------
---- 
    function [filtered_data] = 
statistical_filter(pseudo_filtered_data,sarray_size,degree) 
        filtered_data = zeros(sarray_size,N); 
        window_size = zeros(2*degree+1,1);                  %creates a 
vector used as a sliding window 
        for j = 1:N 
            for i = 1:sarray_size 
                n = 1; 
                for k = i:i+2*degree 
                    window_size(n,1) = pseudo_filtered_data(k,j); 
                    n=n+1; 
                end 
                filtered_data(i,j) = mean(window_size); 
            end 
        end 
    end 
end 
 
Data_writer function takes the soakage data and writes it to a txt file for later use: 
%data_writer function takes an input matrix of up to 20 rows and writes 
%each vector to a space separated txt file. 
  
function [] = data_writer(input_file,output_file_location) 
  
[rows ~] = size(input_file); %size up the incoming file 
fid = fopen(output_file_location,'w'); %open/create a file to be edited 
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switch rows 
    case 0 
        return 
    case 1 
        fprintf(fid,'%12.8f\n',input_file); 
    case 2 
        fprintf(fid,'%12.8f %12.8f\n',input_file); 
    case 3 
        fprintf(fid,'%12.8f %12.8f %12.8f\n',input_file); 
    case 4 
        fprintf(fid,'%12.8f %12.8f %12.8f %12.8f\n',input_file); 
    case 5 
        fprintf(fid,'%12.8f %12.8f %12.8f %12.8f %12.8f\n',input_file); 
    case 6 
        fprintf(fid,'%12.8f %12.8f %12.8f %12.8f %12.8f 
%12.8f\n',input_file); 
    case 7 
        fprintf(fid,'%12.8f %12.8f %12.8f %12.8f %12.8f %12.8f 
%12.8f\n',input_file); 
    case 8 
        fprintf(fid,'%12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f 
%12.8f\n',input_file); 
    case 9 
        fprintf(fid,'%12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f 
%12.8f %12.8f\n',input_file); 
    case 10 
        fprintf(fid,'%12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f 
%12.8f %12.8f %12.8f\n',input_file); 
    case 11 
        fprintf(fid,'%12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f 
%12.8f %12.8f %12.8f %12.8f\n',input_file); 
    case 12 
        fprintf(fid,'%12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f 
%12.8f %12.8f %12.8f %12.8f %12.8f\n',input_file); 
    case 13 
        fprintf(fid,'%12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f 
%12.8f %12.8f %12.8f %12.8f %12.8f %12.8f\n',input_file); 
    case 14 
        fprintf(fid,'%12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f 
%12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f\n',input_file); 
    case 15 
        fprintf(fid,'%12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f 
%12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f\n',input_file); 
    case 16 
        fprintf(fid,'%12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f 
%12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f 
%12.8f\n',input_file); 
    case 17 
        fprintf(fid,'%12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f 
%12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f 
%12.8f\n',input_file); 
    case 18 
        fprintf(fid,'%12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f 
%12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f 
%12.8f\n',input_file); 
    case 19 
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        fprintf(fid,'%12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f 
%12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f 
%12.8f %12.8f\n',input_file); 
    case 20 
        fprintf(fid,'%12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f 
%12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f %12.8f 
%12.8f %12.8f %12.8f\n',input_file); 
    otherwise 
        return 
end 
  
fclose('all'); 
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